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ABSTRACT
EXPLORING BIOPROCESSING TECHNOLOGIES FOR DIVERSE INDUSTRIAL
APPLICATION OF CANOLA
AHMAD FAWZI N ALHOMODI
2022
Globally, canola is the second largest oilseed crop after soybean, which is processed
for the commercial production of high value oil. The industrial processing steps for canola
oil extraction include preprocessing (cleaning, pressing, flaking, and cooking), mechanical
pressing, and/or organic solvents. This process results in large quantities of protein-rich (~
40% dry basis) meal as a co-product. The meal is used partially in animal diet (<30%
inclusion) due to high levels of antinutritional factors (ANFs) such as high fibers, phytic
acid, and glucosinolates, and low metabolizable energy. Thus, this research was designed
to examine various bioprocessing technologies (i.e., traditional sprouting, solid state
fermentation, submerged state fermentation, co-culture fermentation, mild pretreatments,
and their combinations) for possible advancement in canola use. Canola seed sprouting for
6-day period led to an increase in protein content and a reduction in ANFs and oil content
of sprouts compared to ungerminated seed. Subsequent submerged state fermentation of 6day old sprouts using three different strains (Aureobasidium pullulans, Trichoderma reesei
and Neurospora crassa) further increased protein content and lowered ANFs. Solid-state
fermentation of 144 h old sprouts using A. pullulans, N. crassa and T. reesei enhanced the
protein content and reduced ANFs of sprouts. Sprouting canola seed for three days helped
in hull removal, leading to high protein meal accompanied by low fiber and phytic acid
level. Three-day seed sprouting had no effect on oil yield, but free fatty acid content was

xiv
higher compared to seed oil. Co-culture fermentation of HECM under solid state process
showed maximum reduction in fiber content with co-culture of A. pullulans and N. crassa
while a combination of A. pullulans and T. reesei promoted the highest GLS and phytic
acid reductions compared to other combinations, which indicated the advantage of coculture inoculation over monoculture in terms of ANFs reduction. Mild pretreatment of
HECM using deionized water resulted in washed HECM (WHECM) with lower soluble
sugars and GLS compared to untreated HECM, whereas protein and amino acid were
concentrated due to the removal of soluble components. WHECM compared to HECM
showed higher protein digestibility when fed to rainbow trout. Subsequent mono- and coculture fermentation of HECM and WHECM under submerged process resulted in higher
protein and amino acid content and lower ANFs levels compared to uninoculated controls.
The results of cellulase, endoglucanase and β-glucosidase activity indicated the crucial role
of used substrates, fungi, fermentation modes (solid state/submerged stated) and
inoculation methods (mono-/co-culture) on enzyme activities.
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Chapter 1. Introduction
Global population is in the rise with the estimated earth population of 10 billion
by 2050 (Kusiak et al., 2022). While significant world population is already having a
limited access to enough nutritious and sustainable foods, this predicted population growth
is expected to worsen this issue even further. Additionally, global food production system
seems to be greatly impacted by the various factors (environmental, urbanization, climate
change, etc.) highlighting the need of sustainable food production system. The healthy
human diet is comprised of the significant amount of food proteins and therefore the
demand of animal protein is expected to increase by 13% in 2026 (OECD-FAO, 2017). For
example, the annual average rate of global food fish consumption in 2017 increased by
3.1% since 1961 while animal protein foods increased by 2.1% yearly (FAO, 2020). One
way to tackle this problem is to develop the alternative proteins of plant origins to replace
the animal proteins in the diets of humans and animals. The proteins of plant origins are
sustainable resource and have potential to provide the solution to the growing global food
demand.
Canola meal (CM), a byproduct of canola seed oil extraction, is known to be a
nutrient rich commodity with a minimum protein content of 40% on dry basis (CCC, 2019).
Although CM is abundant and estimated to be double the amount of produced oil (Östbring
et al., 2020) with attractive protein content for feed formulation, its inclusion in animal diet
is restricted to ~30%, which lower its market value (Newkirk, 2009b). Presence of
antinutritional factors (ANFs) such as glucosinolates (GLS) and phytic acid, besides high
fiber content hinders the full utilization of CM. Broken-down products of GLS have been
reported to lead to low feed intake, iodine efficiency and enlargement of liver (Tripathi and
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Mishra, 2007) while phytic acid complexes with minerals and proteins, thereby declining
their bioavailability (Francis et al., 2001). The high fiber content and low nutrient density
is attributed to the seed hull because there is no industrial scale dehulling process for canola
seed.
In general, several studies have been reported on the improvement of protein
content and the reduction of the ANFs in various plant-based protein using different
bioprocessing technologies such as sprouting (Yıltırak et al., 2021; Ohanenye et al., 2020;
Bhardwaj and Hamama, 2007) and fermentation (Sun et al., 2021; Olukomaiya et al.,
2021). Seed sprouts (plant shoot and its appendages) contains high level of nutritious
components (proteins, carbohydrates, vitamins, and minerals) and low level of ANFs
compared to unsprouted seed (Santos et al., 2020; Park et al., 2019; Benincasa et al., 2019).
Due to that, sprouts have become a part of human diet and their demand have increased
(Benincasa et al., 2019; Abdel-Aty et al., 2019; Santos et al., 2020). Besides, sprouts have
been included in livestock diets for their nutritional values.
Fermentation in both modes (i.e., solid and submerged state fermentations) have
been applied for a long time for various applications (Pandey et al., 2008). Solid state
fermentation (SSF) is a process that is performed under low moisture environments. It is
favored for mainly fungi and molds due to low water activity requirement (Chilakamarry
et al., 2022). SSF is cost effective because of no need to long drying process (Intasit et al.,
2020). However, SSF can have some challenges such as controlling pH, moisture, and
temperature (Hölker et al., 2004). In contrast, submerged state fermentation (SmF) is where
microbes are cultured in nutrient liquid media (Kim and Han, 2014). The high-water level
in SmF helps in homogenizing substrate mixture and controlling process. However, the
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drawback of SmF is the generation of high wastewater in downstream processing that raises
the processing cost (Krishania et al., 2018).
Fermentation has been shown to reduce the ANFs and upgrade the nutritional
values of different plant-based protein products such as cereal grains, pulses and oilseeds
(Baldwin et al., 2019; Simon et al., 2017; Nkhata et al., 2018; Frias et al., 2017). Beside
the ability to reduce undesirable components during fermentation, the used
microorganisms can serve as single cell protein (SCP) to the product output. SCP can be
named as microbial protein, bioprotein or biomass (Muhammad et al., 2016) that can
provide 10 to 80% protein besides other nutrients such as carbohydrates, fats, minerals and
vitamins (Jones et al., 2020). Many of these microorganisms can be exploited in feed and
food processing industry as they are generally recognized as safe (GRAS) status (Wang et
al., 2005b).
Fermentation using co-culture of microorganisms have been applied to produce
traditional food such as cheese, yogurt, and pickles (Bader et al., 2010; Taniguchi and
Tanaka, 2004), antifungal secondary metabolites (Li et al., 2020), bioethanol (Naseeruddin
et al., 2021), enzymes (Anh et al., 2021), and biodegradation of food waste (Roslan et al.,
2021). Co-culture fermentation provide high fermentation efficiency when microbes
synergistically secrete enzymes that degrade different substrates (Chen, 2011). Compared
to monoculture, the substrate metabolization in co-culture fermentation can occur by a
combined metabolic activity of two different microorganisms (Bader et al., 2010). It was
reported that a co-culture of yeast and bacteria enhanced the protein and starch digestibility
of fermented pearl millet sprouts (Khetarpaul and Chauhan, 1990b).
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Since bioprocessing technologies have potential provide high value products, our
goal is to employ different processing technologies which includes traditional sprouting
process combined with microbial process, microbial fermentation using different modes of
fermentations, different microbes, and inoculation types to develop optimal and
economical process to advance the canola utilization for various industrial applications.
Our first study (chapter 3) is focused on determining the effects of seed sprouting followed
by submerged state fermentation on the nutritional composition of canola seed sprouts.
Because the results of sprouting followed by submerged state fermentation were promising,
we wanted to explore the possibility of achieving similar results in shorter time frame.
Hence, we conducted second study (chapter 4) where our focus was to assess the impact of
sprouting period on the composition of canola seeds on daily basis (up to 6 days) and solidstate fermentation on 6-day old sprout composition. While we conducted our two previous
studies focusing on the sprouting, two questions arose, which are: 1) how does sprouting
affect the oil composition of the canola, which is a larger commercial commodity and 2)
what impacts it will have on the nutrient composition of the meal post defatting.
Simultaneously, it was observed that sprouting could potentially be used as a dehulling
process to remove the outer coat of the seeds prior to the oil extraction. Hence, the third
study (chapter 5) was designed to determine the impact of sprouting on oil and meal
composition and the potential of sprouting as dehulling process. In the fourth study (chapter
6), our focus was on determining the effect of co-culture fermentation on the nutritional
composition of hexane extracted canola meal (HECM). Because co-culture fermentation
was successful in improving the nutrient composition of HECM with respect to the ANFs,
but fiber reduction was still low, our fifth study (chapter 7), was designed to determine the
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combined effect of mild pretreatment prior to co-culture fermentation on the nutritional
characteristics of HECM and nutrient digestibility of washed HECM (WHECM) in
Rainbow trout. Because all our previous studies on microbial fermentation of CM (raw and
processed) with different strains indicated that same microbes could yield different
outcomes in terms of protein solubilization and ANFs reduction indicating different level
of enzymatic activities, we designed our sixth study (chapter 8) to determine the activities
of enzymes (cellulase, endoglucanase, and β-glucosidase) produced by three fungal strains
cultivated on three differently processed canola substrates HECM, WHECM, and canola
seed sprout meal (CSM) in solid- and submerged state fermentations.
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Chapter 2. Literature Review
2.1. Oilseeds
Oilseeds are cultivated for edible use or industrial application of their oil content
(Rathnakumar and Sujatha, 2022), whereas solids left after oil extraction can be exploited
in various food and non-food industrial applications (Nevara et al., 2022). Various types of
oilseeds are grown based on the industrial purpose of production and the climate of the
region. Some of the major oilseeds include sunflower, soybeans, rapeseed, cotton, sesame,
etc. (Rathnakumar and Sujatha, 2022).
2.2. Global Production of Oilseeds
Global production of oilseeds in the year 2021/22 is estimated at 629.16 million
metric tons (Table 2.1) (USDA, 2021). Soybean annual production top the list in the USDA
report (2021) with the estimated production of 384.42 million metric tons. Five years data
reported by USDA shows that there is an increase in the total oilseed production as
compared to the previous years (19/20 and 20/21). Rapeseed is the second largest oilseed
crop after soybeans although it is reported to have reduced production by 4.12 million tons
in 2021/22 compared to 2020/21.
Table 2.1: World production of major oilseeds (million metric tons)
Oilseeds
Copra
Cottonseed
Palm kernel
Peanut
Rapeseed
Soybean
Sunflower seed
Total
(USDA, 2021)

2017/18
5.76
45.09
18.66
47.12
75.07
344.19
48.01
583.90

2018/19
5.79
43.10
19.44
47.00
72.60
361.33
50.66
599.93

2019/20
5.66
44.42
19.29
48.41
69.08
339.73
53.92
580.51

2020/21
5.56
41.22
19.06
49.66
72.29
363.27
50.07
601.14

2021/22
5.82
43.32
19.93
50.53
68.17
384.42
56.97
629.16
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2.3. Oilseeds Classification
2.3.1. Legumes
Legumes are generally described by their unusual flower structure, podded fruit
(Graham and Vance, 2003) and the capability of most species to build a symbiotic
association in their root nodules with bacteria called Rhizobia (Etesami, 2022). Legumes
contain main dietary grain legumes such as cowpea, bean, pigeon pea, lentil, chickpea,
mung bean, adzuki bean, pea, and faba bean (Juárez-Chairez et al., 2022). Legumes play
important role in world trade economics due to their uses as human feed, animal feed and
various commercial application such as pharmaceutical products, paints, chemicals, etc.
(Singh et al., 2007).
2.3.2. Brassicaceae Family
Brassicaceae family contains more than 300 genera and 3000 species (Daun, 2011).
The genus Brassica, containing about 37 species (Cartea et al., 2011), is a commercially
important genus for its various uses as food, oilseed crops, and ornamental plants (Vaughn
and Berhow, 2005). Oilseed plants of the genus Brassica give many advantages when
cultivated as cover crops. These advantages involve stabilization and improvement of soil
health, avoidance of erosion and control of allelopathic weeds through breakdown products
of glucosinolate hydrolysis. These factors have sparked interest in Brassicas growing as
either cover crops or seed crops for edible oil production (Haramoto and Gallandt, 2004).
2.4. Canola
Canola

is

a

descendant

of

rapeseed

(Brassica

napus

and

Brassica

campestris/Brassica rapa) grown using standard techniques of plant breeding to gain low
content of erucic acid (< 2%) in the oil fraction and low levels of glucosinolates (< 30
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μmol/g) in the meal fraction. The name canola was given for (Canadian oil) to distinguish
it from rapeseed. Other countries, especially in Europe, give the term “double-zero
rapeseed” to specify seed, oil, and meal quality having low erucic acid and glucosinolates
(CCC, 2019).
Brassica napus (canola) belongs to the genus Brassica having bright yellow
flowers (Bonnardeaux, 2007), and it is featured as one of the most economically important
oilseed plants among other species (Scarth and Tang, 2006). In Europe, winter canola
varieties are typically seeded (Rakow, 2012). In the fall, winter canola is cultivated and
then harvested in the following summer. Varieties of winter canola can tolerate a high cold
temperature, however, still freeze when dry soils and rapid variations in temperature come
together (Brown et al., 2008). Usually, yield of winter canola varieties outweighs spring
varieties by 20-30%. In addition, winter crops provide larger seeds containing higher oil
content (Brown et al., 2008) and yield almost double compared to the spring type (Rakow,
2004). In contrast, spring canola varieties are typically grown in the United States, Canada,
India, and parts of China (Rakow, 2012). In the early spring, the varieties of spring canola
are seeded, and then late in summer are harvested (Brown et al., 2008).
2.4.1. Canola Seed Physical Characteristics
Canola seeds have a size that ranges between 1.5 and 2.5 mm in diameter (Çalışır
et al., 2005) and varies in color depending on species. B. napus exhibits a black or reddish
color, B. rapa has a black or yellow color and B. juncea shows a yellow color (Newkirk
and Daun, 2011). Furthermore, seeds can come in three different shapes (oblong, spherical
or slightly flattened laterally) (Barthet and Daun, 2011). As compared to other oilseeds,
canola seeds are smaller in size; therefore, seed weight is greatly influenced by the moisture
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content of the seed. A thousand seed mass is used to measure the canola seed weight that
typically ranges between 2.5 and 4.6 g/1000 seeds (Ayton, 2014). Rapeseeds consist of
three main parts (Figure 2.1) (Borisjuk et al., 2013), which are embryo that contains
(cotyledon, hypocotyl and radicle), endosperm and seed coat that encloses the embryo and
the endosperm (Borisjuk et al., 2013).

Figure 2.1: A cut-away three-dimensional model of the seed (Borisjuk et al., 2013)

2.4.2. Canola Seed Composition
Canola seed composition varies based on cultivar, climate condition during seed
maturation time and sulfur content in the seed (Aider and Barbana, 2011). Cotyledon
represents about 25% protein and 55% oil content in comparison with the entire seed and
seed coat that contains protein and non-protein such as glucosinolates and tri-amine
compounds (Wanasundara et al., 2012).
2.5. Canola Seed Oil Extraction
Canola seeds are not consumed as whole seeds but are initially conveyed to a
processing facility to extract the oil from the seeds. The separation of oil from canola seed
involves many different steps (Drying and handling, seed cleaning and preparation,
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extraction, and processing of oil). There are also various methods of extracting the oil,
including: cold press, expeller and solvent extraction (CCC, 2019).
2.5.1. Solvent Oil Extraction (SOE)
Solvent extraction is the most efficient method of extracting oil commercially,
leaving around 2 to 4% of the residual oil in the meal (Figure 2.2) (CCC, 2015). This type
of extraction uses two phases to extract high levels of oil. The seeds normally undergo a
pre-conditioning process prior to oil extraction, which usually incorporates seed cleaning,
pre-conditioning and flaking (Newkirk, 2009a). The oil then is removed from
preconditioned flakes mechanically by screw press at 100-120 °C to generate a seed cake
comprised of about 20% oil (Spragg and Mailer, 2007). The resulting seed cake is then
exposed to solvent extraction using hexane and then goes through a desolventizer-toaster
at 100-115 °C for 30 minutes to remove hexane from the meal (Spragg and Mailer, 2007;
Newkirk, 2009a).

Figure 2.2: Pre-conditioning and solvent extraction process (CCC, 2015)
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2.5.1.1. Advantages and Disadvantages of SOE
Even though hexane solvent extraction process provides meals with less 4% oil
(Spragg and Mailer, 2007) and decreases glucosinolates content by ~53%, high
temperature applied during toasting steps can have adverse effects on the amino acid
digestibility (Newkirk et al., 2003) and reduce meal palatability that could be as a result of
products stemming from Maillard reactions (Newkirk and Classen, 2002). In contrary,
solvent extraction without a toasting step showed high amino acid digestibility in broiler
chickens (Newkirk et al., 2003).
2.5.2. Expeller/Double Pressing Oil Extraction
Expeller pressing is termed as well double pressing. It has a similar preconditioning stage to solvent extraction process (Newkirk, 2009a). However,
desolventization, toasting, drying, and cooling steps are not included. Figure 2.3 illustrates
the applied screw press in expeller and cold press as well (Leming and Lember, 2005b).
The screw press can be fed with seeds that are pressed via rotating screw; thus, oil can flow
throw mesh at the bottom. Due to the exclusion of solvent step, the meal is expelled twice
to extract additional oil (Newkirk, 2009a). A double pressing extraction provides a meal
with 8-11% oil.

Figure 2.3: Diagram of mechanical screw press for double press and cold press oil (Leming
and Lember, 2005b)
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2.5.2.1. Advantages and Disadvantages of Expeller/Double Pressing
In expeller extraction, residual oil adds higher metabolizable, digestible and net
energy content to the meal compared to solvent extracted meal. In double pressing, heat
level of meal reaches up to 160 °C when passing through the press with preserved protein
meal quality due to low moisture content and short duration. However, meal needs cooling
down quickly after expelling, otherwise protein quality deteriorates (CCC, 2015).
2.5.3. Cold Press Oil Extraction
Unlike in solvent extraction and expeller pressing process, preconditioning stage is
not included in cold pressing process before oil extraction. Cold pressed and expeller
extraction share similar mechanical separation as shown previously (Figure 2.3). Seeds go
through a series of screw presses comprised of a rotating screw shaft inside a cylindrical
tube (Newkirk, 2009a). In the process, friction and pressure are generated to crush the
seeds. The friction generated during the brief period the seed cake is passing through the
expeller raises the temperature to less than 65°C (Spragg and Mailer, 2007). Extracted oil
flows through a mesh at the bottom of the barrel for collection. In a cold press extraction,
50-70% oil is extracted from seeds (Seneviratne et al., 2011) and 11-20% oil stays in the
meal (Leming and Lember, 2005a).
2.5.3.1. Advantages and Disadvantages of Cold Press
Canola oil extracted by cold press is named virgin oil. This oil is considered an
organic and natural food. Besides, its price usually is higher than solvent and double press
extracted oil (Daun et al., 2015). However, this extraction method still requires more
improvements to increase its efficiency (Szydłowska-Czerniak et al., 2010).
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2.5.4. Supercritical Fluid Extraction
Supercritical fluid extraction (SFE) is known as well in different terms such as
dense gas extraction and supercritical gas extraction. The concept of this method is to apply
heat and pressure to work around the critical point of the fluid. Supercritical fluids is more
diffusible and less dense and viscous than used conventional organic solvents (DíazReinoso et al., 2006). However, the properties of the supercritical fluids can be changeable
based on pressure and temperature (Bozan and Temelli, 2002). This technique has been
investigated as a substitution for conventional oil extraction (King and List, 1996). Carbon
dioxide (CO2) is commonly used in SFE as solvent due to low required temperature (30.1
°C) and pressure (7.39 MPa) to reach its critical point (Uquiche et al., 2012). Supercritical
CO2 extraction was used to extract oil from soybean, cottonseed, and corn germ (Friedrich
and Pryde, 1984). In addition, it was used to extract bioactive compounds from a waste
byproduct stemming from vegetable oil industries (Asl and Niazmand, 2020).
2.5.4.1. Advantages and Disadvantages of SFE
The advantages of using SFE over liquid organic solvents are the lower density and
higher diffusivity giving higher solvent power and better transport characteristic, which
resulting in higher mass transfer rate (Patel et al., 2011). SEF extracts better taste and scent
substances from plant and herbs (Díaz-Reinoso et al., 2006).The benefit of using carbon
dioxide (CO2) as solvent in SFE is due to its attributes such as (nonflammable, nontoxic,
Eco-friendly, highly abundant, inexpensive, appropriate to extract heat labile substrates,
and easily removable from extracted compounds (Díaz-Reinoso et al., 2006). However,
high costs of high-pressure equipment (Friedrich et al., 1982) and batch extraction
(Friedrich and Pryde, 1984) are considered drawbacks of SEF.
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2.6. Canola Oil
The global canola oil production was 31.7 million tons in 2018, and it is expected
to reach 44.4 million tons by 2024 (IMARC, 2019). Edible oils and fats consist mainly of
triacylglycerols (TAGs) comprising of three fatty acid molecules bound to the glycerol
molecule. TAGs basically make up 94.5 to 99% of canola oil (Przybylski et al., 2005).
Tocopherols, phytosterols, phenolics and pigments constitute the non-triacylglycerol
fractions. Canola oil is considered as one of the healthiest edible oils among other vegetable
oils due to its healthy fatty acid profile and has a variety of uses such as frying and food
ingredients. On average, traditional canola oils consist of 60% oleic acid, 20% linoleic acid,
10% linolenic acid, 7% saturated fats (palmitic acid and stearic acid), and less than 2%
erucic acid (Bocianowski et al., 2012).
2.6.1. Oleic Acid
Oleic acid is a monounsaturated fatty acid comprised of 18 carbon atom chain with
one double bond. It is a dominant fraction making up 60% of canola oil (Ayton, 2014).
Due to the oleic acid ability to maintain resistance to oxidation, high level of oleic acid
(>70%) is desired by food manufacturing industry applications where high temperature is
applied during the production process (Aukema and Campbell, 2011). Canola oil
containing high level of oleic acid and low level of linolenic acid is preferred for fried food
products with better food quality such as food flavor, texture, and stability (Matthäus,
2006). In addition, food product is formulated with high oleic canola oils for longer shelf
life during storage (DeBonte et al., 2012).
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2.6.2. Linoleic Acid
Linoleic acid is a polyunsaturated fatty acid consist of 18 carbon atom chain with
two double bonds. It comes second after oleic acid and constitutes 20% of canola oil
(Ayton, 2014). It is an essential omega-6 fatty acid (CCC, 2020). Oil with linoleic acid
between 23 and 37% showed a better flavor stability in fried food (Warner et al., 1997). In
addition, low level of linoleic acid <20% in oil is desirable in manufacture for shelf stable
foods (DeBonte et al., 2012).
2.6.3. Linolenic Acid
Linolenic acid is an essential omega-3 fatty acid (CCC, 2020). It is a
polyunsaturated fatty acid contains 18 carbon atom chain with three double bonds. It makes
up 10% of canola oil (Ayton, 2014). However, frying performance of oil was improved
when canola oil contained low level of linolenic acid. Deep fat frying using oil with more
than 1.1% linolenic acid led to higher fishy and paint odors (Carre et al., 2003). Reducing
linolenic acid content in canola oil have been found to provide higher frying stability
(Warner and Mounts, 1993). Thus, decreasing the linolenic acid level in canola and other
major oils has been targeted by plant breeders to enhance the oxidative stability and avoid
partial hydrogenation (DeBonte et al., 2012).
2.6.4. Erucic Acid
Erucic acid is a monounsaturated fatty acid having 22 carbon atom chain with one
double bond (Ayton, 2014). High level of erucic acid has detrimental effects on human. It
was found to be in charge of generating cardio pathological changes (Clandinin and
Yamashiro, 1982). Therefore, erucic acid content was decreased by genetic alterations
through traditional plant breeding program to present at less than 2% in canola oil (CCC,
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2019). However, based on oil ultimate use, high level of erucic acid in oil is targeted by
different industrial manufactures in the production of various products such as nylon, inks,
paints, coatings and high pressure grease (Aukema and Campbell, 2011).
2.7. Canola Oil as Fuel Source
The global need for fossil fuel substitutions has led to exploitation of oil to produce
biofuels (Hollister et al., 2013). Various types of oilseed such as soybean, canola, rapeseed,
palm and sunflower are utilized for biodiesel production (Moser, 2010; Sarwar et al., 2013).
Biodiesel is generated from oils and fats through transesterification process, a chemical
reaction in which alcohol (for example methanol) reacts with oil in the existence of a
catalyst. As a result, free fatty acid ester and glycerol forms (Gunstone, 2004). Biodiesel
in the US is created from soybean oil, whereas the European Union depends on canola oil
as source for biodiesel production. The interest of using canola oil in biodiesel production
is due to seed possession of high oil content and low level of saturated fatty acid (Ayton,
2014).
2.8. Canola Meal
Canola meal is the solid portion remained after oil extraction. Canola meal is the
second widely used source of protein for animal feed after soybean meal. The composition
of canola meal varies depending on the oil extraction method used (cold press, expeller
press and solvent extraction). Use of solvents in oil extraction removes oil up to 95% from
the press cake, whereas using expeller press leaves 8 to 15% oil in the meal (Seneviratne
et al., 2010; Spragg and Mailer, 2007). Even though solvent extraction meal has less than
5% oil, most processors put up to 2% of the gums (phospholipids removed from crude oil
by the addition of a mild organic acid) back to the meal (Ayton, 2014), which increase the
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fat content and energy value. The gum also decreases the amount of dust within dry meals
(Spragg and Mailer, 2007).
2.8.1. Canola Meal Proximate Composition
The proximate composition of canola meal is shown in Table 2.2, which can vary
depending on various factors. Various factors such as cultivar types, environmental
conditions during the growing period, harvest conditions, storage, and seed/meal
processing can lead to different meal compositions (Bell and Keith, 1991). Growing
conditions (dry climate) provide canola seed with high levels of protein and low oil content
(Spragg and Mailer, 2007). Different canola oil extraction processing conditions have
shown to affect canola meal quality (CCC, 2019). Applied heat, desolventizing and toasting
steps lower protein digestibility (Newkirk and Classen, 2002). Different degree of heat
applied during oil extraction process can reduce lysine, a heat sensitive amino acid
(Newkirk, 2009b).
Table 2.2: Composition of solvent extracted canola meal
Component
Crude protein (N × 6.25), %
Ether extract, %
Oleic acid, %
Linoleic acid, %
Linolenic acid, %
Ash, %
Calcium, %
Phosphorus, %
Total dietary fiber %
Acid detergent fiber, %
Neutral detergent fiber, %
Sinapine, %
Phytic acid, %
Glucosinolates, μmol/g
(CCC, 2019)

12% moisture basis
36.9
2.81
1.74
0.56
0.24
6.42
0.67
1.03
33.6
16.3
25.5
0.88
2.02
3.14
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Canola meal also contains complex carbohydrate matrix (fiber and non-fiber
component) (Table 2.3). The fiber fraction contains lignin with linked polyphenols,
cellulose, lignin, glycoprotein, and non-cellulosic polysaccharides which comprise mainly
of pectic substances (Slominski and Campbell, 1990). The non-fiber fraction presents as
monosaccharides (fructose and glucose), disaccharides (sucrose), oligosaccharides, and
starch (CCC, 2019). The variability of carbohydrate content in canola meal as well can be
affected by growth condition, genetic distinctions, and method of analysis (Bell, 1993). In
terms of minerals and vitamins, canola meal has essential minerals and vitamin content that
is higher than soybean meal (Wickramasuriya et al., 2015). Canola meal produced in
Canada contains 3.2% fat content which is higher than other countries because of the gum
added back to the meal during oil refining (CCC, 2019).
Table 2.3: Carbohydrate components of solvent extracted canola meal
Component %
Non-starch polysaccharides
Cellulose
Non-cellulosic polysaccharides
Glycoprotein
Lignin and polyphenols
Lignin
Monosaccharides (Fructose and glucose)
Disaccharides (Sucrose)
Oligosaccharides
Starch
(CCC, 2019)

12% moisture basis
20.15
7.65
12.5
4.30
8.68
5.82
1.55
5.58
2.23
0.43

2.8.2. Canola Meal in Feed Applications
Canola and rapeseed meals are widely included in animal feed. They come second
after soybean meal as most traded protein ingredient in the world (CCC, 2019). They have
been included in ruminant, swine, poultry and aquaculture diets. Ravichandiran et al.
(2008) reported that 5-month-old calves consumed 1.10 kg of canola meal, similar quantity
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to control diet 1.08 kg when glucosinolate level of canola meals was less than 20 µmol/g.
In the same study, feed uptake reduced to 0.76 g when claves were fed with rapeseed meal
containing glucosinolates over 100 µmol/g. In a comparison meal study, using four
different protein supplement in diary diets (high protein dried distillers grains, soybean
meal, canola meal, and dried distillers grains with soluble) showed no differences in dry
matter intake, milk production, feed efficiency, and energy-corrected milk yield (Christen
et al., 2010). In swine diet, 20% substitution of soybean meal in a diets with raw canola
meal and extruded canola meal with low, medium or high extruder intensity showed no
significant difference in average daily feed intake, average daily gain and a gain to feed
ratio (Heyer et al., 2018). CM have been fed to different types of poultry (broilers, turkeys,
ducks, goose, and quail) at different concentration, but it has a lower energy value
compared to soybean meal (CCC, 2019). CM have been included in aquaculture diets as
alternative vegetable-based protein to fish meal. However, CM inclusion in fish diets is
still limited due to the presence of antinutritional factors that need to be considered when
formulating the fish diet with CM. Collins et al. (2012) reported that formulating fish diet
with CM had a negative effect on rainbow trout growth, but no significant effect was
noticed when using canola protein concentrate.
2.8.3. Canola Meal Protein
Canola meal contains about 35-45% protein with balanced amino acids, which
makes it a good ingredient for animal feed (Newkirk, 2009b). Based on the protein
solubility, canola proteins are categorized into four group: soluble in water (albumins), salt
solution (globulins), alkaline solution (glutelin), and alcohol (prolamins) (Aider and
Barbana, 2011). In addition, canola meal possesses minor proteins (trypsin inhibitors,
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thionins and lipid transfer proteins) (Bérot et al., 2005). Napin, a 2S albumin with
molecular weight (12.5-14.5 kDa) has good foaming properties (Schmidt et al., 2004).
Cruciferin, a 12S globulin with molecular weight (300-310 kDa) has gelling properties
(Ghodsvali et al., 2005). Both Napin and cruciferin are the major family of storage protein
in Canola. They make up 20 and 60% of the total protein content, respectively (Barthet and
Daun, 2011). Prolamins presents exclusively as oleosin, the structural proteins linked to
the oil bodies (Mieth et al., 1983). Oleosins are the predominant oil body proteins followed
by steroleosins and caleosins (Tzen, 2012).
2.8.4. Canola Protein Concentrate and Isolate
Protein concentrates are obtained by extracting non-protein fractions such as sugars
and antinutritional factors from original meals (Moure et al., 2006), whereas protein
isolates are prepared by protein extraction and subsequent precipitation (Chmielewska et
al., 2020). The reduction of canola seed hull, sugars, phenolics and glucosinolates
concentrates the protein level up to 70% (Wanasundara, 2011). Protein extraction with the
removal of undesirable non-protein fraction provides protein isolate over 90%. Protein
isolate preparation has been reported using alkaline extraction followed by acid
precipitation (Ivanova et al., 2017), protein micellation method (PMM) (NCBI, 2022), and
membrane technology (Ghodsvali et al., 2005). However, protein yield and properties
highly depend on protein extraction methods. Commercially canola protein isolates (>90%
protein) as food grade products presents under several names Puratein ®, SuperteinTM,
Burcon Nutrascience, IsolexxTM and CanolaPROTM (Wanasundara et al., 2016). Puratein®
and SuperteinTM are comprised of >80% cruciferin and >80% napin, respectively.
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IsolexxTM consists of 30-35% albumins and 60-65% globulin while CanolaPRO has about
40-65% cruciferins and 35-60% napins (Chmielewska et al., 2020).
2.8.5. Canola Protein in Food Applications
Due to the high nutritional value and properties of canola proteins, many studies
have been reported over the past decades to incorporate canola protein in food commodities
as substitute for animal-derived proteins. Various characteristics of rapeseed protein isolate
give different applications such as food foaming, gelling agent, thickener, emulsifier, and
binder, besides as protein supplement (Chmielewska et al., 2020). Von Der Haar et al.
(2014) reported that rapeseed protein concentrate can replace up to 100% of the eggs in
pound cakes but with the possibility of the presence of little darker color in the final
product. In the same study, preparation of mayonnaises with rapeseed protein instead of
eggs did not show any difference in product firmness after preparation, but the product
became firm after storage compared to reference. In terms of sausages preparation, the
maximum rapeseed protein inclusion was 2%, over than that can lead to off flavor and
color change. The canola protein isolate Puratein® (cruciferin) and SuperteinTM (napin) can
be included up to 2% in bakery products such as bread, croissant, cakes, etc. In addition,
they can be included up to 10% in fruit and vegetable-based juices (FDA, 2010). The
rapeseed protein isolate (CanolaPROTM) can be incorporated into dairy products,
beverages, medical nutrition, sport nutrition, and bakery products up to 5, 5, 10, 10 and
5%, respectively (FDA, 2016).
2.8.6. Canola Protein Properties
Canola protein has characteristics that make them suitable for human nutrition. It
has well balance amino acid compositions and higher protein efficiency (2.64) compared
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to soybean (2.19) (Delisle et al., 1984). Canola proteins share some properties with those
of casein and have better protein properties compared to other plant proteins such as wheat,
pea, and soybean (Ghodsvali et al., 2005). The differences among primary, secondary, and
tertiary structures of canola protein fractions give them different properties and
functionalities (Wanasundara et al., 2012). Canola protein isolate shows a comparable
emulsification capacity to egg proteins (Yoshie-Stark et al., 2008). Canola protein can be
use in dressing, meat and baked products for its good emulsifying, gelling and binding
properties (Mejia et al., 2009). The effectiveness of canola meal extracts is restricted by
the existence of antinutritional factors (glucosinolates, phenols, and phytates) that affect
protein isolate utilization (Aider and Barbana, 2011). However, the advances in separation
technology has successfully brought filters with lower cost and higher efficiency (GesanGuiziou, 2017). Applied filtration process has been shown to lower or remove antinutrient
factors from the rapeseed protein dispersion (Tzeng et al., 1988; Von Der Haar et al., 2014).
Thus, rapeseed protein has the potential to be included as protein with high quality and
functional properties in human food (Dong et al., 2011). However, the various isoelectric
points and molecular weights of canola proteins are another problem leading to a reduction
in the yield and efficiency of protein extraction (Aachary and Thiyam, 2012). Thus, canola
protein fractions can be extracted based on their solubility and corresponding
sedimentation coefficient in Svedberg units (Aider and Barbana, 2011).
2.8.6.1. Solubility
Protein solubility is a crucial property affecting other properties such as gelling,
foaming, emulsification, and water/oil holding capacity (Wanasundara et al., 2016).
Generally, canola meal protein extraction has been done as a whole protein rather than a
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fraction using methods such as alkaline extraction or salting out with NaCl (Tan et al.,
2011a). In addition, specific canola protein fractions can be categorized based on protein
fraction solubility in solution (Aider and Barbana, 2011). The two major protein fractions
in canola (cruciferin and napin) have different solubility level under various pH,
temperature, and salt concentration (Wanasundara et al., 2012). Cruciferin and napin,
respectively showed isoelectric pH of 7.2 (Schwenke et al., 1981) and 11 (Crouch and
Sussex, 1981) where the net charge is zero. Both cruciferin and napin can be soluble above
pH of 5.5, but napin can exhibit wider pH solubility (2 to 10) due to its amino acid
composition. Cruciferin was found not to be soluble between pH 2 and 3 because of its
interaction with other chemical compounds (Wanasundara et al., 2016). In addition, canola
protein processing can reduce protein solubility. Khattab and Arntfield (2009) reported that
exposing canola meal protein to heat treatment (dry roasting and water boiling) resulted in
29.07 and 25.61% decline, respectively in solubility. The change of protein structure due
to heat treatment could expose the hydrophobic sides, thereby lowering protein solubility
(Aider and Barbana, 2011). Klockeman et al. (1997) reported that extraction conditions can
be a reason for lower canola protein solubility.
2.8.6.2. Gelation
Gelation is an important functional feature in food applications such as edible film
production (Akbari and Wu, 2016). When proteins are exposed to heat, they partially
unfold leading to aggregation and gel-network formation (Zheng et al., 1993). The
stabilization of protein gel network can be attributed to hydrophobic interactions, hydrogen
bonding and covalent bonding cross links such as S-S bonds (Damodaran, 2008). All
different proteins can form a gel, but gel strength can vary. Minimal protein concentration
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required to generate a gel can determine the ability of protein gelling formation (Moure et
al., 2006). Various factors can affect gel formation such thermal stability, molecular size,
pH, temperature, and present salts (Doi, 1993). Most canola protein gel formation studies
focus on heat-induced gelation (Wanasundara et al., 2016). Cruciferin exhibits stronger
heat set gel formation under high pH compared to low pH (Léger and Arntfield, 1993).
Napin as well has a gelation property, but it can only form a weak gel (Tan et al., 2014b).
Napin resists gel formation between pH 4 and 8 (Folawiyo and Apenten, 1997) as a result
of unfolding at low pH (Krzyzaniak et al., 1998). Both factors (protein concentration and
pH) affect the maximum gelation temperature of cruciferin and napin. Schwenke et al.
(1998) stated that the maximum gelation temperature for 12.5% dispersions of cruciferin
near pH of 7 was 72 °C, whereas the gelation temperature of napin fraction at the same pH
was at 95 °C. Canola protein gelation properties can be enhanced by adding
polysaccharides (Tan et al., 2011a). Uruakpa and Arntfield (2006) reported that gels
stemming from a mixture of canola protein isolate (CPI) and κ-carrageenan generated
better networks with less sensitivity to environmental factors compared to CPI solely.
2.8.6.3. Foaming Capacity/Stability
Proteins forming stable foams play an important role in various food applications.
Foams present as two-phase systems comprised of air bubbles encapsulated by lamellar
phase, a thin continuous liquid layer. Foam structure (Air bubble size, distribution, and
uniformity) can affect food properties (Zayas, 2012). Canola proteins foaming properties
have been evaluated based on their foaming capacity and foaming stability. Foaming
capacity shows the ability of protein to generate foam particles while foaming stability
exhibits the duration formed foams stay stable prior to collapsing (Kinsella, 1981). In a
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comparison study among raw, roasted and water-boiled meals (canola, soybean, and
flaxseed meals), canola meal was the best in foaming properties compared to other meals.
However, heat treatment showed a significant reduction in foaming capacity and stability
of all meals (Khattab and Arntfield, 2009). In terms of canola protein isolates, defatted
canola meals showed better foaming capacity and stability than their acid precipitated
protein isolates (Aluko and McIntosh, 2001). Pedroche et al. (2004) found out that foaming
capacity of Brassica carinata defatted meal was better in comparison to its protein isolates
at different pH (10,11, and 12).
2.8.6.4. Emulsification
Emulsification is the process where the emulsifying agent lowers the interfacial
tension of two immiscible liquids (oil and water) in a system, thereby forming stable oilwater interfaces (Moure et al., 2006). Proteins play an important role as emulsifying agents
in many food applications such as salad dressings and mayonnaise (Aider and Barbana,
2011) and non-food application such as cosmetic products (Campbell et al., 2016).
Emulsion properties of meal and proteins are expressed as emulsion activity index (EAI),
emulsifying capacity (EC) and emulsifying stability (ES). EAI and EC measure the ability
of protein to create an emulsion, whereas EC measures the ability of an emulsion to resist
changes over a specific time (Aluko and McIntosh, 2001). Many studies have been done
on evaluating canola meal and protein emulsifying properties (Tan et al., 2011a). Khattab
and Arntfield (2009) reported that both raw and heat-treated canola meal (roasted and
boiled) showed better emulsion capacity than raw and heat-treated soybean and flaxseed
meals. In addition, they found that heat treatments reduced the emulsifying capacity of all
meal compared to raw meals. Defatted Brassica juncea meal and its protein concentrates
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showed higher emulsifying activity index compared to Sinapis alba. This was attributed to
the high‐molecular mass polypeptide possessed by S. alba (Aluko et al., 2005). Tan et al.
(2014a) examined and compared the emulsifying capacity among canola protein globulin
fraction, albumin fraction, canola protein isolate and commercial soy protein isolate. The
researchers showed that at different pH (4, 7 and 9), canola protein globulin fraction
possessed the highest emulsifying capacity compared to other fractions.
2.9. Antinutritional Factors in Canola
While canola meal accommodates approximately 70 to 80% of soybean meal
protein levels, it is usually sold at about 60 to 75% of its value (Ayton, 2014). Factors
affecting the quality of canola meal include higher fiber level and the presence of
glucosinolates and phytic acid (Wu and Muir, 2008).
2.9.1. Fiber
Canola meal fiber content including pentosans, cellulose, and lignin contribute to
30% of the meal. The high fiber level is attributed to the presence of seed hulls that are not
removed prior to oil extraction (Newkirk, 2009a). The concentration of crude fiber, neutral
detergent fiber (NDF), and acid detergent fiber (ADF) in canola meal varies based on
canola varieties, seed composition, and meal processing (Spragg and Mailer, 2007;
Newkirk, 2009a). NDF represents the primary cell wall component (cellulose,
hemicellulose, lignin, insoluble ash and cutin) that is insoluble in neutral detergent solution,
whereas ADF comprises (cellulose, lignin, insoluble ash, cutin, but not hemicellulose) that
are insoluble in weak acid (Ayton, 2014).
The high fiber content reduces the digestibility of canola meal unlike soybean meal
that contains less fiber and higher digestibility (Mailer et al., 2008b). High fiber content
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entraps the digestible nutrients by inhibiting enzymatic degradation and besides decreases
the gut transit time (Brunson et al., 1997). Thus, canola meal has low nutritional value
when is used as monogastric feed (Bell, 1993). Landero et al. (2011) reported that
increasing inclusion of canola meal lowered gross energy, digestible energy, dry matter,
and crude protein in diet tested on 220 weaned pigs. Hilton and Slinger (1986) stated that
canola meal has low digestibility due to high fiber content and cannot be a substitute for
soybean meal or fish meal in diets for young rainbow trout (Salmo gairdneri).
2.9.2. Glucosinolates
Glucosinolates (GLS) are plant secondary metabolites called β-thioglucoside Nhydroxysulfates. GLS can be categorized into three groups based on the amino acid
precursor (aliphatic, aromatic and indolic glucosinolates) (Sønderby et al., 2010). GLS
itself is not toxic, but its hydrolysis by enzyme myrosinase present in the seed or the
microflora of an animal guts results in bioactive breakdown toxic products (Vaughn and
Berhow, 2005). Both Glucosinolates and the enzyme myrosinase are located separately in
canola (Rask et al., 2000). The enzyme myrosinase breaks the glucose from glucosinolates
which leads to the production of toxic products such as nitriles, isothiocyanates, and
thiocyanates that plants use as self-defense (Figure 2.4) (Halkier and Gershenzon, 2006).
Upon consumption by animals, GLS breakdown products can negatively interfere with
thyroid and lead to goiters due to iodine deficiency (Burel et al., 2001). High levels of
glucosinolates have been shown to raise death in poultry, along with lower egg production
and egg weight (Tripathi and Mishra, 2007). In addition, the high level can lower the
palatability of the meal (Bonnardeaux, 2007).
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Figure 2.4: The structure of glucosinolates and breakdown products (Rask et al., 2000).

2.9.3. Phytic Acid
Phytic acid is the major storage structure of phosphorus that builds up in seed
during development to maturation in many oilseeds (Pandey et al., 2001; Lott et al., 2000).
Phytic acid is also called Myo-inositol (1,2,3,4,5,6) hexakisphosphate consisting of 6
groups of phosphates connected to the inositol ring (Figure 2.5). It constitutes about 85%
of the total phosphorous in rapeseeds (Maison, 2014). Its negatively charged makes it a
strong chelating agent that binds to proteins and metallic cations, thereby reducing their
bioavailability

and

subsequently

causing

mineral

deficiency

(Shivanna

and

Venkateswaran, 2014). It is unmetabolizable in monogastric animals that lack phytase, the
digestive enzyme of phytic acid (Pandey et al., 2001; Spier et al., 2008), which leads to the
accumulation of phosphorous in manure, thereby excreting into the soil (Chen et al., 2014)
and later causes eutrophication of fresh water and seawater (Vats et al., 2005).
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Figure 2.5: Myo-inositol (1,2,3,4,5,6) hexakisphosphate in boat formation illustrating the 5
equatorial and the 1 axial group (Bohn et al., 2008)

2.10. Process Develop to Maximize the Canola Utilization
2.10.1. Canola Seed Dehulling
Canola meal is composed of 38-43% protein and 13% crude fiber (Shahidi, 1990),
which limits the canola meal inclusion in animal feed formulation (Leslie et al., 1973). The
high fiber content in canola meal is attributed to the presence of outer coat (hull) in the
seed during oil extraction. Removing hulls from canola seed can enhance the oil and meal
quality and provide suitable products for human consumption (Ohlson, 1992). Canola seed
hull constitutes 10.5 to 20% of seed weight while hulls make up 20-30% of oil free meal
(Bell, 1993; Mohamadzadeh et al., 2009). The difficulty of seed dehulling stems from the
tightly adherence of hull to endosperm and embryo (Sosulski and Zadernowski, 1981).
Several dehulling process have been proposed and reported. In France during the 1980s,
the industrial scale dehulling was attempted, but few years later the dehulling process was
ceased due to substantial oil loss in hull fraction and finite market interest in dehulled meal
(Carré et al., 2016). Reichert et al. (1986) came up with a tangential abrasive dehulling
device that comprises of an abrasive horizontally rotating disk and a stationary lid with
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some grain cups on the rotating disk. However, the process requires seed pre-conditioning
to optimize hull removal (Thakor et al., 1995). Attempts to dehull rapeseed prior to oil
extraction is scarce because of oil loss during the dehulling process (Khajali and Slominski,
2012). In contrast, several studies have been done on partly separating hulls from oil free
meal using sieve (Mejicanos, 2015), sieve followed by air classification (Diosady et al.,
1986), or just air classification (King and Dietz, 1987). Air classification is (tail-end
dehulling method) depending on the distinctions in density between hull and cotyledon
fraction. Based on size and density, a low-fiber, light-particle fraction, and a high-fiber,
heavy-particle fraction are partially split up by means of air streams (Mejicanos and
Nyachoti, 2018). However, air classification is less applicable to rapeseed due to high fat
materials leading to agglomeration of solvent extracted meal (Santos et al., 2014b; Hansen
et al., 2017). Thus, further investigations are required to advance dehulling process that
improves nutritional values of canola meal for the inclusion in feed and food formulation.
2.10.2. Canola Seed Sprouting
Sprout, a young shoot emerged from plant seeds, is considered as a great source for
micronutrients and macronutrients. It has been included in diets for a long time as nutritious
and healthy food in many civilizations. A thousand of year ago, Egyptian and Chinese
ancients consumed sprouts for healing and rejuvenation (Azulay, 1997). Today in the
United State and other Western countries, sprout becomes a favored healthy food. Many
studies have shown the composition of sprouts as a nutritionally complete food (Chung et
al., 1989; Bhardwaj and Hamama, 2007). In addition, sprouts have a role in the prevention
of many diseases because of their possession of antioxidant, antigenotoxic, anticancer, and
antibiotic compounds (Marton et al., 2010). The consumption of the raw Brassica sprouts
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have been shown to contribute to the inhibition and treatment of diseases due to owning
bioactive compounds (Chung et al., 1989; Bhardwaj and Hamama, 2007). In particular,
canola sprout contains around 25.1 % protein, 27.3 % oil and 10% crude fiber on a dry
basis, and it has a variety of high mineral levels compared to radish, alfalfa, brussels and
mung bean sprouts (Bhardwaj and Hamama, 2009b). However, factors such as light,
moisture, temperature, duration of germination, cultivars, and analytical methods leads to
variations in composition of sprout (Bau et al., 1997). Dawood et al. (2013) reported that
soaking and germination of two varieties of canola seed (Brassica napus/juncea) resulted
in a reduction in oil content. Bhardwaj and Hamama (2009a) claimed that sprouting seed
of four canola cultivars grown at three locations in Virginia showed various differences on
oil content and fatty acid composition in sprouts. Barthet and Daun (2005) showed that
canola sprout had lower oil content and higher protein and free fatty acid compared to
unsprouted seed. In addition, canola sprout had lower oil level but higher tocopherol
content compared to intact seed (Zhang et al., 2007).
2.10.3. Microbial Fermentation Process
The utilization of microorganisms as ingredient or a substitute for protein-rich
foods seems unacceptable to some communities, but the fact is that using microbes as food
can be ideal to sustain the global future food scarcity. People have been consuming either
intentionally or unintentionally the microbial biomass producing alcoholic beverages,
cheese, yogurt, and soya sauce. Many species of microorganisms can grow on inexpensive
waste materials and subsequently provide high microbial protein as single cell protein
(SCP) (Tusé and Miller, 1984) with fats, carbohydrates, nucleic acids, vitamins, and
minerals (Jamal et al., 2008). Based on substrate type, fungi and bacteria can provide true
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protein ranges (30-70%) and (50-83%), respectively (Ravindra, 2000). Both fungi and
bacteria have advantages and disadvantages when used as single cell proteins (Table 2.4).
Thus, not all microbes can be used in food and feed applications due to the risk of presence
of unwanted compounds that can be produced during fermentation process such as toxin.
Therefore, the microorganisms in our research were selected based on their capability of
producing various hydrolytic enzymes and their status as generally recognized as safe
(GRAS) in the food processing industry.
Table 2.4: Advantage and disadvantages of fungi and bacteria as single cell protein
Fungi
Advantages
- Easy to harvest due to their size.1
- Low in nucleic acid.1
- High in lysine content.1
- Growth at acidic pH.1
- Growth on wide range of substrate.2
- Growth on lignocellulosics (filamentous
fungi).2

Disadvantages
- Lower growth rates than bacteria.2
- Lower protein content.1
- Low methionine content.1
- Presence of mycotoxin in many species
(filamentous fungi).2

Bacteria
Advantages
- High growth rates.1
- Growth on wide range of substrate.2
- High in protein content.1

Disadvantages
- Difficult to harvest and costly due to their size.1
- High in nucleic acid.1
- Presence of endotoxin in gram negative
bacteria.2
- Easy to be contaminated.1

Nasseri et al. (2011)1
Singh (1998)2

2.10.3.1. Aureobasidium pullulans
Aureobadidium pullulans a yeast-like fungus is frequently residing on the
phyllosphere and carposphere of vegetables and fruit crops (Barata et al., 2012). A.
pullulans can be found in three different physiological states (elongated branched septate
filaments, large chlamydospores, and smaller elliptical yeast-like cells) (Chi et al., 2009).
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In addition, it has the capability to form multiple budding cells unlike the traditional yeast
cells (Zalar et al., 2008). A. pullulans colony color changes based on culture ages (yellow,
cream, light pink or light brown, and black when chlamydospore forms) (Chi et al., 2009).
A. pullulans is known for an extracellular and unbranched homopolysaccharide production
called pullulan comprised of α-(1→6) linkages of α-(1→4)-linked maltotriose units (Seo
et al., 2004). Pullulan is widely applied in food processing and preservation (Farris et al.,
2014). In terms of enzyme production, A. pullulans has been reported to produce beneficial
industrial enzymes, such as β-glucosidase, mannanases, cellulases, lipases, proteases,
amylases, and xylanases (Bozoudi and Tsaltas, 2018). These various enzyme produced by
A. pullulans can be beneficial to bio-convert the agricultural residues into single cell
protein (Kudanga and Mwenje, 2005) that can be used as an ingredient or a substitute for
protein-rich foods (Bozoudi and Tsaltas, 2018).
2.10.3.2. Neurospora crassa
Neurospora a red bread mold fungus was first reported as contaminant destroying
bread in French bakeries in 1843 (Shear and Dodge, 1927). Later based on the complete
sexual cycle, a red mold fungus was reclassified as new genus Neurospora. It includes
many heterothallic and homothallic species (Perkins and Turner, 1988). It was exploited as
a model organism for its high growth rate, haploid genetics, a short life cycle, and minimal
growth requirements until the bacterium Escherichia coli took over as a new model
organism in genetic studies. However, the species Neurospora crassa has still been used
as a model for complicated eukaryotic systems (Roche et al., 2014). In addition, N. crassa
has been grown on different agricultural wastes for enzyme and bioethanol production due
to its ability to produce various hydrolytic enzymes such as endoglucanase, exoglucanase,
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β-glucosidase, xylanase and β-xylosidase (Dogaris et al., 2009). Xiros et al. (2008) reported
the production of cellulolytic and hemicellulolytic enzymes by N. crassa grown on
optimized medium of brewing and wheat straw. Rath et al. (2011) reported the production
of ethanol 20g/kg of acid pretreated sugarcane bagasse by N. crassa in 5 days. Co-culture
of N. crassa and Lactobacillus plantarum was found to increase the amino acid content
37.4% on fermented oil tea seed cake. Besides, feeding hens with fermented oil tea seed
cake improved the egg production ratio from 65.71 to 80.10% (Liu et al., 2016).
2.10.3.3. Aspergillus niger
Aspergillus niger is an aerobic filamentous fungus present in nature on organic
matter, soil, litter, and decayed plant material. It can grow at a wide range of temperature
(6-47 °C) and pH (1.4-9.8) (Schuster et al., 2002). It can be distinguished from other
Aspergillus species through the formation of carbon black or very dark brown spores
(Raper and Fennell, 1965). It has a high growth rate on culture media where it forms black
colored colonies (Gautam et al., 2011). Industrially, A. niger is the most versatile
filamentous fungal strain able to produce various compounds such as acids, enzymes,
proteins, and medicinal drugs. Many companies worldwide have been using A. niger to
produce citric acid, glucoamylase, lactoferrin, β-galactosidase, glucose oxidase,
hemicellulase, protease, phytase, chymosin, arabinase, asparaginase, catalase, cellulase,
lactoferrin, lipase, pectinase, protease, xylanase, inulinase, and glucosidase (Cairns et al.,
2018). Various studies have used A. niger to improve nutritional values of plant protein
sources by fermentation process. Jannathulla et al. (2017a) reported that growing A. niger
on different plant protein sources led to a reduction in antinutritional factors and fiber level
with enhancement in major essential nutrients. Shi et al. (2015) stated that performing solid
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state fermentation using A. niger reduced total glucosinolate content in rapeseed cake by
76.89%. Yabaya and Ado (2008) claimed the ability of A. niger grown on banana peels as
substrates to produce mycelia protein.
2.10.3.4. Trichoderma reesei
Trichoderma reesei is mesophilic filamentous ascomycetes fungus that was first
isolated from US Army tools on the Solomon Islands during the 2nd World War (Bischof
et al., 2016). Initially, T. reesei was recognized as Trichoderma viride and called QM6a,
but because of noticed differences between the two species, QM6a was changed to T. reesei
in honor of Elwyn T. Reese, the Natick laboratory researcher (Simmons, 1977). T. reesei
showed the ability to secrete extracellular cocktail of lignocellulosic enzymes. In terms of
cellulase activity, T. reesei produces enzymes (endoglucanases and exoglucanases) acting
together to reduce cellulose to cellobiose (Aubert et al., 1988; Saloheimo et al., 1994).
Another enzyme is β-glucosidases involved in hydrolyzing cellobiose to glucose (Barnett
et al., 1991). T. reesei secretes swollenin, protein that disrupts crystalline cellulose
structures, thereby increasing the accessibility of polysaccharides to hydrolysis (Saloheimo
et al., 2002). In addition, T. reesei produces hemicellulosic enzymes such as xylanase and
mannanase that split the xylan and mannan main chains of hemicellulose. It also produces
acetyl xylan esterase, β-glucuronidase, and arabinofuranosidase, β-xylosidase, βgalactosidases (Foreman et al., 2003). Industrially, T. reesei is widely used for cellulase
production (Qian et al., 2016). In addition, it has been invested as single cell protein (SCP)
grown on different low value substrates. Ghanem et al. (1991) reported that T. reesei
provided a protein production of 34% when cultivating on beet-pulp compared to control.
Another researcher claimed that reduction in lignin and increase in protein content
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achieved by T. reesei grown on rice straw pulp in solid state fermentation (Zaki and Said,
2018).
2.11. Types of Fermentation
2.11.1. Solid State Fermentation
Solid-state fermentation (SSF) has been defined as the bioprocessing of solid
substrates implemented in presence of low water content that is adequate to back up the
growth of fermentative microbes and their metabolic activities. The potential of SSF is to
provide an environment that simulates the natural environment of microorganisms from
where they are originally adapted (Nigam and Pandey, 2009). Generally, filamentous fungi
and yeast are considered the most appropriate microbes for solid state incubation since they
require lower water activity (0.5-0.6 aw) compared to bacteria (0.8-0.9 aw) (Thomas et al.,
2013). SSF process is suitable when using agro-industrial residues and by-product as
feedstock because it increases the commercial and nutritional value of them instead of
disposing them and consequently causing environmental contamination (Nigam and
Pandey, 2009). In addition, SSF process is beneficial because it does not require long
drying process and big vessels as submerged fermentation process, thus it reduces the
industrial processing costs (Smits et al., 1993). However, mass transfer and controlling the
pH, temperature and moisture are still the drawbacks of SSF (Hölker et al., 2004).
2.11.2. Submerged State Fermentation
Submerged fermentation (SmF) is a process where microorganisms are cultivated
in excessive nutritional liquid medium (Kim and Han, 2014). It is widely used to produce
bioproducts in industry using specific strains of microorganisms. Excessive water used in
SmF system is advantageous because it increases the homogeneity of the mixture and
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aeration during bioprocessing (Chicatto et al., 2014) , and facilitates the sterilization and
controlling process (Costa et al., 2008). In addition, SmF provides ease separation process
to remove undesirable water soluble products (Sindelar, 2014). However, the disadvantage
of SmF is that the high water needed in up-stream processing resulting in high wastewater
present in downstream processing, which increases the processing cost. The addition of
antifoam agents to control the foam stemming from rigorous mixing raises the pollution
load (Krishania et al., 2018).
2.11.3. Co-Culture Fermentation
Co-culture fermentation are widely applied to produce secondary metabolites,
ferment food, and degrade various substrates. The interaction among used microorganisms
can be through direct cell to cell communications or by signal substances produced by
microorganisms, which attaches to cell surface proteins during fermentation (Chen, 2011).
Co-culture incubation plays an important role in degrading different substrates when used
microorganisms work synergistically to produce a specific set of enzymes (Stoilova and
Krastanov, 2008). The inoculation with two or more fungi functioning synergistically leads
to higher enzyme production, thereby breaking down a variety of agricultural substrates
(Jahangeer et al., 2005). Aspergillus is known to efficiently produce β-glucosidase (Raza
et al., 2011) and Trichoderma is a producer of endo and exo-glucanase, but not βglucosidase (Wang et al., 2012). Thus, combining the two strains in fermentation system
can generate multi-complex cellulase matrix. Stoilova and Krastanov (2008) reported that
the co-culture of (A. niger and Fusarium moniliforme) and (Trametes versicolor and A.
niger) grown on wheat bran, oats straw and beetroot press led to 8.4-fold increase in laccase
over monoculture. Juwaied et al. (2010) claimed that inoculating wastepaper with co-
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culture of A. niger and T. viride (ratio 1:1) increased the cellulase up to 2.4-fold and 3.7fold over monoculture of A. niger and T. viride, respectively.
2.12. Enzyme
High energy and chemicals, required for many chemical transformation processes
(Hagen, 2015), cause a production of environmental harmful by-products due to nonspecificity (Buchholz et al., 2012). Thus, global industries seek alternative technologies
that provide desirable products with less resource inputs and impact on the environment.
Enzymes, proteins generated by living organisms, catalyze biochemical reactions in vivo
and in vitro (Jegannathan and Nielsen, 2013). Unlike chemical-based processes, enzymes
are highly selective with high reaction rates and low impact on the eco-system. Besides,
enzymes are implemented in mild working conditions and consume less energy and
materials (Jegannathan and Nielsen, 2013).
2.12.1. Cellulolytic Enzymes
Among various types of enzymes, cellulase is one of the most important enzymes
that catalyzes cellulolytic materials. Cellulase are composed of three enzymes
(Exoglucanase, endoglucanase and β-glucosidase) that synergistically simplify cellulose
(Figure 2.6) into oligosaccharides and glucose units (Imran et al., 2016). Exoglucanase
cleaves single glucose unit from the end of cellulose chain. Endoglucanase randomly
cleaves internal β-1-4, linkages while β-glucosidase hydrolyzes cellobiose into glucose
(Sharada et al., 2013).
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Figure 2.6: Cellulose hydrolysis by cellulase system (Mishra et al., 2019)

2.12.1.1. Cellulase Activity
Cellulase activity can be measured as total cellulase activities or by measuring three
types of cellulolytic enzymes (exoglucanase, endoglucanase and β-glucosidase). For total
cellulase activity, insoluble pure substrates such as Whatman No 1 filter paper,
microcrystalline cellulose, cotton linter, etc. are used to evaluate the activity (Zhang et al.,
2006). The most common assay used for the determination of total cellulase activity is filter
paper assay (FPA) recommended by International Union of Pure and Applied Chemistry
(IUPAC) (Ghose, 1987). This assay is based on fixed amount of released glucose (2.0 mg)
from 50 mg filter paper within 60 min incubation in 50 °C water bath. The released glucose
(reducing glucose) in this assay is determined using dinitrosalicylic acid (DNS). However,
the released glucose during the hydrolysis is not correlated with the amount of added
enzyme due to the use of solid heterogeneous substate (Zhang et al., 2009). For
endoglucanase, it can be measured using water soluble celluloses such as carboxymethyl
cellulose (CMC) and hydroxyethyl cellulose. Endoglucanase assay (CMCase) using CMC
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as a substrate and DNS as reducing sugar detector is recommended by IUPAC. This assay
is based on specific amount of liberated reducing glucose (0.5 mg) within 30 min water
bath incubation at 50 °C. In terms of β-glucosidase activity, soluble substrate such as
cellobiose, Ƥ-nitrophenyl-β-D-glucosides, cellodextrins, etc. are used to determine the
activity. Among the different substates, using cellobiose assay is recommended by IUPAC
and is based on a fixed amount of released glucose (1.0 mg) from cellobiose within 30 min
water bath incubation at 50 °C. Unlike FPA, the reducing sugar is measured using HPLC
or commercial kits such as glucose oxidase, glucose hexose kinase and glucose-6
phosphate dehydrogenase kits (Zhang et al., 2009). Unlike β-glucosidase and
endoglucanase, exoglucanase does not have specific substrate which makes it difficult to
determine its activity. This is due to the ability of exoglucanase to liberate both glucose
and cellobiose from the end of cellulose chain and the presence of other cellulases that
interfere during the reaction. Thus, the measurement of exoglucanase activity required a
purified exoglucanase, thereby Avicel can be used as substrate (Zhang and Lynd, 2004;
Zhang et al., 2009).
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Chapter 3. Composition of Canola Seed Sprouts Fermented by
Aureobasidium pullulans, Neurospora crassa, and Trichoderma reesei under
Submerged-State Fermentation Ϯ
Ϯ
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3.1. Abstract
Seed sprouts are nutrient-rich components; and their use in human and animal diets
have increased in recent times. Microbial fermentation of seed sprouts not only improves
the nutrient digestibility but also elevates the nutritional characteristics by lowering the
level of antinutritional factors (ANFs). This study evaluates the effect of sprouting
followed by fungal fermentation on the nutritional characteristics of canola seed sprouts.
Canola seeds were soaked overnight and sprouted over a 6-day period. Dried and ground
seed sprouts were subjected to submerged fermentation for 5 days using three fungal strains
(Aureobasidium pullulans, Trichoderma reesei, Neurospora crassa). Results showed an
improvement in proteins and reduction in ANFs of sprouts when compared to seeds.
Fermentation with T. reesei resulted in higher protein content, while N. crassa fermented
sprouts exhibited slight reduction in crude fiber. Sprouting prior to fermentation helped in
enhancing the protein solubility of canola seed and reducing the overall fermentation
duration. Based on these findings it could be concluded that sprouting prior to fermentation
can potentially lead to the production of nutritionally enriched canola based high protein
ingredient. However, further research needs to be conducted to develop the mechanism for
minimizing the oil loss during seed sprouting process.
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3.2. Introduction
Canola is one of the major oilseed crops in the world ranking second only to
soybean. It contains high levels of oil (40-45%) and protein (~25%), and large quantities
of canola seeds are processed annually for oil production. For instance, ~152K tons of
canola seeds alone were crushed in November 2019 with the co-production of ~85K tons
of protein-rich meal (USDA, 2020). While canola oil market continues to grow rapidly due
to its use in food and other industrial applications, canola meal (CM) remains as one of the
underutilized agricultural commodities. Despite being high in a protein (35-45% dry basis)
with excellent nutritional qualities, CM’s use is only limited to livestock feed as a protein
resource that too at low inclusion rate (Newkirk, 2009b). Primary factors hindering the
complete utilization of CM are the presence of antinutritional factors [glucosinolates
(GLS), high nondigestible fiber, and phytic acid] accompanied by low protein digestibility
(Montoya and Leterme, 2010). Some of these issues have been addressed with the help of
advanced technologies including, a) use of modern breeding techniques to develop canola
varieties with a low level of GLS (Beszterda and Nogala‐Kałucka, 2019; Rai et al., 2019)
; b) application of pretreatments (physical, chemical, biological) and fungal fermentation
to improve the nutrition of CM (Croat et al., 2017). However, high fiber and low
digestibility of CM proteins continue to be the challenge (Beszterda and Nogala‐Kałucka,
2019; Rai et al., 2019); therefore, further research is needed to explore alternative avenues
for advanced utilization of CM.
Seed sprouts (young shoots including the seed portions) are known to have intrinsic
nutritional qualities as compared to their unsprouted seed counterparts, containing a high
level of nutrients (essential and non-essential nutrients such as proteins, carbohydrates,
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vitamins and minerals) and low levels of anti-nutritional factors (Benincasa et al., 2019;
Park et al., 2019; Santos et al., 2020). Due to their desirable nutritional characteristics,
sprouts have been a part of human culinary for very long time, and lately their global
demand is surging upward (Abdel-Aty et al., 2019; Benincasa et al., 2019; Santos et al.,
2020). Similarly, there are references of feeding sprouted grains to animals as feed
ingredients to enhance overall livestock health, high birth rates, better nutrient digestibility,
and palatability (Gebremedhin, 2015; Mattioli et al., 2016; Reed et al., 2005). Even though
some reports exist on canola seed sprouting, the primary focus of these studies has been to
understand the impact of sprouting on oil quality and characteristics (Bhardwaj and
Hamama, 2009a; Barthet and Daun, 2005; Chung et al., 1989; Dawood et al., 2013). The
oil characteristics of canola sprouting seed are promising with no loss in essential fatty
acids, and only a slight reduction in total oil content (Bhardwaj and Hamama, 2009a;
Barthet and Daun, 2005; Dawood et al., 2013). However, knowledge on canola sprout
composition is scarce, and only study that examined the proximate composition and
digestibility of canola seed sprouts showed no improvement in the nutritional quality of
canola post- sprouting (Chung et al., 1989). Therefore, this study was designed to assess
the composition of canola seed sprouts and to apply fungal fermentation to upgrade the
nutritional qualities of canola seed sprouts.
Microbial fermentation (bacteria and/or fungi) on various types of cereal sprouts is
found to be beneficial in improving the overall nutritional composition. For example,
Khetarpaul and Chauhan (1990b) showed a significant improvement in starch and protein
digestibility during co-culture fermentation of the pearl millet sprouts using yeasts and
bacteria. Similarly, fermentation of red cabbage sprouts by lactic acid bacteria
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(Lactobacillus plantarum ATCC 8014, Lactobacillus acidophilus NCFM, Danisco, and
Lactobacillus rhamnosus GG E522 (ATCC 53103) led to a significant increase of
antioxidant functionalities compared with those of their unfermented counterparts (Hunaefi
et al., 2013). Likewise, three GRAS (generally regarded as safe) approved fungal strains
[Aureobasidium pullulans (Y-2311-1), Neurospora crassa, and Trichoderma reesei] have
been used to enhance oilseed meal utilization: including canola meal, sorghum hominy,
and soybean meal (Croat et al., 2016b; Zahler et al., 2018; Baldwin et al., 2019).
Overall, rising consumer interest in seed sprouts for healthy living, potential healthbenefits to sprout-fed livestock, with no adverse effects on canola oil quality, and the
anticipated promising outcomes post-fermentation of sprouts led to the plan of this study.
Our goal was to determine the effects of seed sprouting followed by fungal fermentation
on the nutritional composition of canola seed sprouts. The major nutritional composition
factors including crude protein, fibers (crude, acid detergent, neutral detergent), phytic
acid, total soluble sugars, and GLS content were determined before and after fermentation.
Results from this study should be helpful in creating the new market opportunities for
canola as a novel food and feed ingredient.
3.3. Materials and Methods
3.3.1. Canola Seed Sprouting
Canola seeds were obtained from ADM/Specialty Commodities LLC (Fargo, ND).
Five hundred grams of canola seeds were soaked in tap water at room temperature (~22
°C). After 24 h of soaking, seeds were transferred into plastic Tupperware and covered
partially with semi-transparent lids to ensure adequate air ventilation. The Tupperware
were sprayed once daily with water to keep seeds moist during the sprouting period (6

45
days). At the end of the sprouting, the sprouts were dried in an oven at 60 °C for 48 h, and
total weight before and after drying was recorded. Dry seed sprouts were milled into fine
powder using a coffee grinder (Krups, Solingen, Germany) and were stored at room
temperature in plastic bags.
3.3.2. Cultures, Maintenance, and Inoculum Preparation
Three microbial strains (Aureobasidium pullulans (Y-2311-1), Neurospora crassa,
and Trichoderma reesei) were acquired from the National Center for Agricultural
Utilization Research (Peoria, IL). The potato dextrose agar (PDA) stock cultures of each
strain were stored in the refrigerator and sub-cultured at monthly intervals. One hundred
mL working volume of a glucose yeast extract (GYE) medium comprised of 5 % glucose
and 0.5 % of yeast extract with optimal pH for each microbe were prepared in 250 mL
Erlenmeyer flasks. After autoclaving the media, an 8 mm microbial colony plug of agar
growth was transferred into GYE media, then covered with a foam plug and aluminum foil.
The flasks were then incubated for 48 h at 30 °C in rotary shaker at 150 rpm.
3.3.3. Submerged Fungal Fermentation
Erlenmeyer flasks (250 mL) with a working volume of 100 mL at a 10% solid
loading rate (SLR) of dry weight canola seed sprouts were prepared. The pH of the media
was adjusted to the optimal level for each microbe, for instance A. pullulans was adjusted
to 3.0 ± 0.1 with 5 M sulfuric acid, whereas T. reesei and N. crassa pH was adjusted to the
range of 5.0 - 5.5. Flasks were foam plugged and covered with aluminum foil during
autoclave sterilization (121 °C for 20 min). The flasks were then inoculated with 1 mL of
a 48-h culture of A. pullulans, N. crassa, and T. reesei separately. Flasks were incubated at
30 °C at 150 rpm for 120 h. Three replicates were daily collected, pH was monitored, and
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sample was centrifuged at 10,000 rpm for 10 min to separate solid and liquid fractions.
Liquid sample (15 mL) was used for determining the total soluble sugar content, while
solid fraction was oven dried at 80 °C for 24 h. The dried sample was then ground into a
fine powder using coffee grinder and used for further analysis of protein, fiber, phytic acid,
and GLS composition.
3.3.4. Analytical Assays
3.3.4.1. Moisture Content
The moisture content of the sample was determined by drying approximately 2 g
of samples in a hot air oven set at 80 °C for 24 h.
3.3.4.2. Crude Proteins
Approximately ~0.2500 g of dried and finely ground sample was used for protein
analysis. Samples were uploaded onto a LECO model FP528 (St. Joseph, MI, USA) and
the total nitrogen content measured (AOAC Method 990.03) (Horwitz and Latimer, 2006)
and a conversion factor of 6.25 was used to determine crude protein content (%).
3.3.4.3. Total Glucosinolate (GLS) Content
Total GLS content of different samples were measured according to the method of
(Berhow et al., 2013). This method is a modified HPLC method developed by Betz and
Fox (1994), and using reverse phase HPLC with UV detection to quantify the GLS content.
The extract was run on a Shimadzu (Columbia, MD) HPLC System (two LC 20AD pumps;
SIL 20A autoinjector; DGU 20As degasser; SPD-20A UV-VIS detector; and a CBM-20A
communication BUS module) running under the Shimadzu LC solutions Version 1.25
software. The column was a C18 Inertsil reverse phase column (250 mm X 4.6 mm; RP C18, ODS-3, 5u; GL Sciences, Torrance, CA). The GLS were detected by monitoring at 237
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nm. The initial mobile phase conditions were 12% methanol/88% aqueous 0.005 M
tetrabutylammonium bisulfate (TBS) at a flow rate of 1 mL.min-1. After injection of 15 µl
of sample, the initial conditions were held for 2 min, and then up to 35% methanol over
another 20 min, then to 50% methanol over another 20 min. then up to 100% methanol
over another 10 min. Standards, prepared in this lab or purchased, were run to determine
retention times and extinction coefficients. The presence of glucosinolates were confirmed
by negative ion mode analysis on an Thermo Electron LTQ Oribitrap Discovery Mass
Spectrometer (a linear ion trap MS, coupled to a high precision electrostatic ion trap MS)
with an electrospray ionization (ESI) source, and a Thermo Scientific ACCELA series
HPLC system, all running under Thermo Scientific Xcalibur 2.1.0.1140 LC-MS software.
3.3.4.4. Phytic Acid Content
Phytic acid was determined according to the Megazyme Phytic acid/Total
phosphorus kit (Megazyme, 2017). One-gram sample was mixed with 20 mL HCl of 0.66
M concentration in a 50 mL glass container. Flasks were covered with foil and stirred
vigorously in a shaker (SCILOGEX MS-M-S10) for overnight at room temperature (~22
°C). One mL of the extract was then transferred into a 1.5 mL microtube and centrifuged
at 13,000 rpm. for 10 min. The extract supernatant (0.5 mL) was transferred to a new tube
and neutralized with 0.5 mL of NaOH. Controls were run with oat flour powder. The kit
contains prepared phytase and alkaline phosphatase along with the buffers for the reaction.
The reaction is conducted at 40 ℃ with phytase for 10 min and alkaline phosphatase for
15 min. The enzyme reaction is stopped by the addition of trichloroacetic acid 50% w/v.
Phosphorus is quantified using a colorimetric determination. Ascorbic acid/sulfuric acid
and ammonium molybdate mixed in a 5:1 ratio creates the color reagent. One ml of the
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sample is mixed with the color reagent and incubated for 1 hour at 40 ℃. Reactions are
read on a microplate reader at 655 nm. Replicates for each sample were run individually.
3.3.4.5. Fiber
Fiber analysis [crude fiber (CF), neutral detergent fiber (NDF), and acid detergent
fiber (ADF)] was conducted by Agricultural Experiment Station Chemical Laboratories at
the University of Missouri-Columbia.
3.3.4.6. Total Soluble sugars
Total soluble sugars of raw canola seeds, and seed sprouts were determined
according to the previously described method of (Croat et al., 2016b). Briefly, ~1 g of dried
sample was mixed with 9 mL of deionized water and stored at 4 °C. After 24 h, slurry was
separated into solid and liquid fraction by centrifuging at 10,000 rpm for 10 min. Solid
fraction was discarded and supernatant was poured into a 2-mL microcentrifuge tube and
frozen overnight. Thawed sample was centrifuged a second time at 10,000 rpm for 10 min
to remove any particulates, and the liquid fraction was syringe filtered through a 0.22-μm
filter and into a high-performance liquid chromatography (HPLC) vial. Liquid samples
from submerged fermentation were processed by boiling for 10 min to inactivate the fungal
cultures. Samples were then centrifuged at 10,000 g for 10 min and afterwards process was
repeated exactly as described above for raw seed and seed sprouts. The processed samples
were then eluted using mobile phase (50 ppm EDTA in deionized water) at a flow rate of
0.5 mL/min and column temperature of 85 °C in a HPLC system (Agilent Technologies,
Santa Calara, CA, USA) equipped with a refractive index detector (Model G1362A) and a
waters size-exclusion chromatography column (SugarPak column I with pre-column
module, Waters Corporation, Milford, MA, USA). Different concentrations of sugars

49
(stachyose, raffinose, glucose, galactose, galactose-mannose, and arabinose at purity level
of 99.9%) were prepared to construct the calibration curve of concentration vs. HPLC area
as previously established by (Karunanithy et al., 2012).
3.3.5. Statistical Analysis
In this study, the effects of different fungal strains on total protein level, crude fiber,
ADF, NDF, total GLS, and phytic acid contents were determined using a combination of
Microsoft® Excel® for Office 365 MSO 64-bit and R version 1.2.5001 (Boston, MA). The
statistically significant differences among and within group variances determined by oneway ANOVA at p ≤ 0.05 level of significance.
3.4. Results and Discussion
3.4.1. Proximate Composition of Canola Seed and Seed Sprouts
Daily observations were made throughout the sprouting period of 6 days. The early
emergence of the root and shoot was noted. The soaked canola seeds started to germinate
within 24 h of sprouting period. This observation contrasted with that of previous findings
of Chung et al. (1989) who reported the emergence of root and shoot between the third and
fourth days of sprouting. Presoaking of canola seeds in water (~12 h) likely accelerated the
sprouting process as compared to the dry seeds used by Chung et al. (1989).
The proximate analysis results of canola seed and seed sprout indicated that
significant change occurred in the composition of seed during sprouting (Table 3.1). The
increase in moisture content of soaked and germinated canola seeds (79.52%, db)
compared with the dry seeds (6.5%, db) was due to the high-water uptake by the cells
during germination (Nonogaki et al., 2010).The rate of water uptake during sprouting
varies depending on the seed types; however, an increase in moisture during sprouting has
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been consistently reported on many seed types including cowpea (Devi et al., 2015),
soybeans (Murugkar, 2014), and Mungbean (Shah et al., 2011). The total oil content of the
seed sprouts (25.6%, db) was reduced significantly compared to that of unsprouted seeds
(40.3%, db) (Table 3.1). Similar results were reported in previous studies on canola seed
(Chung et al., 1989; Barthet and Daun, 2005; Dawood et al., 2013). Dawood et al. (2013)
reported a reduction in oil content of eight varieties of canola seeds as well as a decline in
fatty acid composition of two canola varieties due to soaking and sprouting. Depletion in
the oil content of oilseeds is mostly attributed to the energy production by catabolic
activities of the seeds during sprouting process (Kornberg and Beevers, 1957; Mostafa et
al., 1987; Onimawo and Asugo, 2004).
Similar to the results of this study, an increase in protein content during sprouting
period has been shown in a wide range of seeds (Kornberg and Beevers, 1957; Mostafa et
al., 1987; Onimawo and Asugo, 2004) including canola seeds (Barthet and Daun, 2005).
An improvement in protein content of the seeds during sprouting has been partially
attributed to the synthesis of enzyme proteases and/or due to the overall compositional
change from the formation of new cell organelles during germination (Stoddart et al., 1973;
Simon, 1984; Bau et al., 1997; Megat Rusydi et al., 2011).
We found no significant change in the fiber content (CF, ADF, NDF) of seed
sprouts as compared to unsprouted seeds. These results corroborated the previous findings
of Chung et al. (1989) reported no change in fiber content of barley seed sprouts as
compared to unsprouted seed counterparts. Likewise, Uppal and Bains (2012)
demonstrated an increase in crude fiber content of cowpea by 20 to 24% after sprouting.
These differences in fiber content of the seed sprouts may be explained by the fact that
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change in fiber content of the seed sprouts also vary significantly between the seed grain
types (chickpeas, beans, oilseeds, etc.) and the germination conditions (sprouting time,
temperature, etc.).
Sprouting is reported to be highly effective process for reducing the phytic acid
level in wide range of seed grains such as rice, maize, millet, sorghum, wheat (Azeke et
al., 2011), and pulses (Patterson et al., 2017). Our study also revealed a significant
reduction in the phytic acid content (64.7%) of the canola seed sprouts as compared to
unsprouted seeds. These results are in close agreement with those of Fouad and Rehab
(2015), who reported the reduction of the phytate content of lentils by 73.76% on the 6th
day of sprouting. It is well documented in the literature that plant seed uses phytate as a
source of the inorganic phosphate and therefore phytase activity tends to increase during
the sprouting period leading to the reduction in the level of phytic acid content (Azeke et
al., 2011; Kumar et al., 2010; Ou et al., 2011; Sung et al., 2005).
The regulatory guidelines for total glucosinolate content require GLS levels to
below 30 µmol/g for rape seed (Brassica rapus) to be labeled as “canola” (Canola
Standards and Regulations, 2005). Total GLS content of canola seed in this study is
relatively lower than the mostly reported GLS contents of canola seeds. For example,
Mailer et al. (2008b) found GLS levels ranging from 9 to 169 µmol/g in different cultivars
of Brassica napus. Several factors such as cultivar types, maturity level can influence the
levels of the GLS content in the seeds (Mailer et al., 2008b; Vale et al., 2015; Elahi et al.,
2016). Though there are not enough reports available on the GLS content of canola seed
sprouts, according to literature, Brassicaceae family is known to synthesize GLS as a
secondary metabolite product during the sprouting period (Elahi et al., 2016), hence an
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increase in GLS post- sprouting would be anticipated. A study by Vale et al. (2015) found
an increase in GLS content of the four different types of the Brassica sprouts (red cabbage,
broccoli, galega kale, penca cabbage) grown at different photoperiod conditions. The total
GLS content of the canola seed remained unaltered post-6 days of sprouting (1.30 vs1.65
µmol/g). However, total GLS followed an upward trend post-sprouting.
Mono- and oligosaccharides such as glucose, stachyose and raffinose was measured
in the seed and seed sprouts (Table 3.1). There was no significant change in the total sugar
concentration (sum of sugars) of seed sprouts when compared to the seed. However, sugar
composition of seed sprouts showed significantly high level of raffinose and low level of
stachyose, and glucose as compared to that of seed. Sugar composition of the seed sprout
can vary significantly depending on the seed type (Barthet and Daun, 2005). For instance,
decrease in sucrose level was reported for the cottonseed and soybeans during germination
while mung beans germination led to a sucrose increase (Kuo et al., 1988).
Table 3.1: Proximate composition of canola seed and canola seed sprouts
Analysis, dry basis
Dry matter, %
Oil content, %
Crude protein, %
Crude fiber, %
Acid detergent fiber, %
Neutral detergent fiber, %
Phytic acid, g/100g
GLS, µmol/g
Total soluble sugars, mg/mL
Stachyose, mg/mL
Raffinose, mg/mL
Glucose, mg/mL
Ash, %

Seed

Seed sprouts (6 d)
a

93.5±0.02
40.6±0.3a
25.7±0.12a
12.1±0.13a
18.7±0.67a
21.9±0.86a
1.7±0.04a
1.3±0.26a
4.29±0.02a
1.29±0.01a
1.23±0.03b
1.77±0.02a
3.8±0.12a

20.48±1.5b
25.6±1.7b
29.9±1.7b
11.1±0.65a
16.6±0.53b
20.8±0.54a
0.6±0.08b
1.65±0.15a
4.05±0.16a
0.08±0.07b
2.56±0.36a
1.41±0.17b
7.6±0.03b

Mean ± standard deviation, significant differences (p≤0.05) among seed and seed
sprouts for each analysis is indicated by letter superscripts.
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3.4.2. Characteristics of Fermented Canola Seed Sprouts
Canola seed sprouts were subjected to submerged fungal fermentation using three
different fungal strains. Submerged fermentation is well-adapted commercial technology
for processing of various types of feedstocks. This process uses large volumes of water to
achieve homogenous mixing and high efficiency output, but an unintended side-effect of
this process is the possible loss of soluble proteins in the liquid fraction due to degradation
of peptides during microbial enzymatic activity. Hence, post-fermentation of seed sprouts,
the fermented slurry was separated into a solid and liquid fraction by using centrifugation
separation. Solids were further analyzed for total proteins, fibers, phytic acid, and GLS
content, whereas liquid fraction was evaluated for its total protein content. Results from
these flask trials are presented in the section below.
3.4.2.1. Crude Protein Content
Table 3.2 and 3.3 show the protein content of uninoculated control and fermented
seed sprouts on solid, and liquid fractions, respectively. There was no change in the percent
solid recovery of uninoculated controls, and fermented seed sprouts with the resulting
average total solid recoveries of ~71 and ~22%, respectively for solid and liquid fractions
(Table 3.2 and 3.3). Though there was no significant change in the amounts of solid
recoveries during several days of incubation, a decreasing trend was observed with solid
and liquid fractions of N. crassa and T. reesei fermented sprouts, respectively.
The protein content of solid fraction of uninoculated control (28.1%, Table 3.2) at
0 h was lower than the seed sprouts (29.9%, Table 3.1), while high protein content were
present in the liquid fractions (41.1%, Table 3.3) at the beginning of the incubation. Our
results indicate that sprouting results in the breakdown of high molecular weight proteins
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into soluble short-chain peptides/and free amino nitrogen with more polar groups. It is also
well documented in the literature that protein solubility is improved during germination of
lentils and cereal grains (Chung et al., 1989; Ghumman et al., 2016). The protein data of
the solid fraction showed that fermentation of seed sprouts with T. reesei improved the
protein content to the highest level (31.5%) followed by N. crassa (29.5%) (Table 3.2). T.
reesei is widely known for its ability to produce cellulase enzymes, hence it was anticipated
to exhibit high protein content due to conversion of cellular carbohydrates into cell protein
mass (Croat et al., 2016b; El-Shishtawy et al., 2015; Singhania et al., 2013; Zahler et al.,
2018). However, A. pullulans exhibited the lowest protein levels throughout the incubation
period. Our observation that the protein content of A. pullulan fermented sprouts was lower
than the uninoculated control suggesting further hydrolysis of proteins into shorter-chain
peptides occurred during A. pullulan fermentation, which ultimately led to an increase in
protein content in the liquid fraction (up to 44%) (Table 3.3). A. pullulan is known to
produce proteases resulting in the protein solubilization. Similar results have been
previously reported by Zahler et al. (2018) on sorghum hominy. Extended periods of
fermentation did not have significant impact on overall protein content. For example, there
was no significant increase in protein content of solid fractions after 72 h of incubation,
however, protein solubility continued to increase as fermentation duration was extended
beyond 72 h for A. pullulans and N. crassa with the exception of T. reesei (Table 3.3).
Interestingly, the protein content of T. reesei fermented sprouts in the liquid fractions
started to decrease significantly after 48 h of incubation (Table 3.3). A study by Zahler et
al. (2018) also reported a decline in protein content of liquid fraction after 72 h fermentation
of sorghum hominy with T. reesei. Achieving the maximum protein content in shortest
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possible time with the maximum retention of proteins in the solid fraction is economically
viable. Seed sprouting prior to fermentation can potentially benefit the overall efficiency
of the fermentation process.
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Table 3.2: Protein content and total solid recovery data of fermented solid fractions of canola seed sprouts
Sample

Protein content in solid fraction (%, dry basis)
Fungal fermentation (h)

Microbes
0

24
a/A

Control

Canola seed
sprouts

A. pullulans
T. reesei
N. crassa

28.1±0.39
(7.14)
27.1±0.14 c/B
(8.13)
26.4±0.27 b/B
(7.18)
27.3±0.49 b/AB
(7.11)

48
a/AB

28.7±0.31
(7.08)
27.3±0.14 bc/C
(7.01)
29.2±0.24 a/A
(7.05)
28.6±0.23 ab/B
(6.92)

72
a/A

28.5±0.28
(7.22)
27.7±0.25 ab/A
(7.23)
29.5±1.46 a/A
(7.24)
29.0±0.45 ab/A
(6.67)

96
a/C

28.4±0.05
(6.87)
27.7±0.12 ab/D
(6.66)
30.6±0.18 a/A
(7.67)
29.6±0.18 a/B
(6.51)

120
a/C

28.3±0.45
(6.82)
27.8±0.11 ab/C
(6.94)
31.4±0.13 a/A
(7.48)
29.8±0.33 a/B
(6.38)

28.2±0.24 a/B
(6.93)
28.1±0.37 a/B
(6.73)
31.5±0.24 a/A
(7.08)
29.5±1.33 a/B
(6.18)

Mean ± standard deviation. Three replicates. Uppercase letters signify significance among groups for each incubation time at (p≤0.05). Lowercase
letters signify significance among incubation time for each fungus at (p≤0.05). Control is uninoculated. Solid recovery data (g) is presented in
parenthesis for every fermentation hour.
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Table 3.3: Protein content and total solid recovery data of fermented liquid fractions of canola seed sprouts
Sample

Microbes

Control

Canola seed
sprouts

A. pullulans
T. reesei
N. crassa

0
41.1±0.96 a/A
(2.34)
36.0±0.64 d/B
(1.52)
39.7±0.86 a/A
(2.31)
41.5±1.04 a/A
(2.28)

Protein content in liquid fraction (%, dry basis)
Fungal fermentation (h)
24
48
72
96
ab/A
b/B
b/BC
38.7±0.13
38.2±0.79
37.8±0.70
39.0±0.23 ab/C
(2.35)
(2.20)
(2.49)
(2.57)
cd/B
bc/A
ab/A
36.9±0.45
39.6±0.11
41.6±1.33
44.0±0.30 a/A
(2.35)
(2.18)
(2.14)
(2.01)
ab/A
bc/B
cd/C
38.5±0.16
37.3±0.18
36.3±0.55
34.7±0.23 d/D
(1.39)
(1.34)
(1.14)
(1.22)
a/A
a/A
a/AB
39.1±0.55
39.6±0.35
40.0±0.67
40.3±0.41 a/B
(2.32)
(2.32)
(2.36)
(2.34)

120
37.7±0.41 b/AB
(2.44)
42.9±1.14 a/A
(2.18)
34.9±0.86 d/B
(1.55)
42.9±3.84 a/A
(2.05)

Mean ± standard deviation. Three replicates. Uppercase letters signify significance among groups for each incubation time at (p≤0.05). Lowercase
letters signify significance among incubation time for each fungus at (p≤0.05). Control is uninoculated. Solid recovery data (g) is presented in
parenthesis for every fermentation hour.
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3.4.2.2. Fiber Content (Crude, ADF, NDF)
The mixing of solid substrates with sufficient water followed by autoclaving are
the two major preprocessing steps during submerged fermentation. At the end of the
fermentation, centrifugation-based separation step is applied, which removes the water and
concentrates insoluble fractions like fibers (CF, ADF, NDF). Therefore, an increase in fiber
contents of the uninoculated control (Figure 3.1a) as compared to the seed sprouts (Table
3.1) may be attributed to a “concentration effect”. Increase in fermentation duration did not
have any effect on the fiber contents of uninoculated control (Figure 3.1a). As seen in the
Figures (3.1b, 3.1c, 3.1d), fungal fermentation of seed sprouts resulted in high
concentrations of fibers (CF, ADF, NDF) as compared to seed sprouts. The minimal fiber
hydrolysis during fungal fermentation has been reported with canola meals (hexane
extracted and cold pressed) and sorghum hominy (Croat et al., 2016b; Zahler et al., 2018).
Production of fiber degrading enzymes at low rates due to the presence of high level of
mono-, di-, and oligo-saccharides could be the one possible reason for the lack of sufficient
fiber degradation (Sukumaran et al., 2005). Total fiber amount was calculated by dividing
the final dry weight following incubation (see Table 3.2) by the initial dry weight (10 g)
and multiplying by fiber concentrations. Results show that total amount of fibers in the
fermented product varied depending on the fungal strains used. The total amount of fiber
of A. pullulans fermented sprout were similar to that of uninoculated control. While during
T. reesei fermentation, total fiber amount remained same as control for 96 h but towards
the end of incubation (120 h) total fiber amounts were found to be slightly higher than
uninoculated control. The CF content of N. crassa fermented sprouts was slightly reduced
at 120 h as compared to that of uninoculated control but ADF and NDF amount remained
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unaffected, in contrast to the results shown in A. pullulans and T. reesei fermented sprouts.
N. crassa is known to grow on varieties of substrate and produce cellulase and
hemicellulase, which could be one reason there was some level of fiber reduction achieved
with this strain (Xiros et al., 2008).
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Figure 3.1: Crude fiber, ADF and NDF content of uninoculated control and fermented samples; 3.1a: uninoculated control; 3.1b: A.
pullulans; 3.1c: T. reesei; 3.1d: N. crassa.
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3.4.2.3. Phytic Acid Content
Phytic acid content as determined for uninoculated control and 120 h fermented
sprouts are presented in Figure 3.2. Due to the activation of phytase enzyme during
sprouting significantly low level of phytic acid was present in the seed sprouts (Table 3.1).
Which was further reduced to 0.25 (uninoculated control) from 0.63 g/100g (seed sprouts)
post-heat sterilization and 120 h of incubation. Heat treatment is known to cause loss in
total phytate. According to Reale et al. (2007) a total phytate loss occurred when heat
applied to cereal flours prior to lactic acid fermentation. Among the three fungal strains
that were tested A. pullulans exhibited the highest reduction in phytic acid 0.23 g/100g,
whereas T. reesei did not show any change. N. crassa led to an insignificant increase on
total phytic acid 0.35 g/100 g. Reduction of phytic acid depends on microbial abilities to
produce phytase.

N. crassa 120 h

a

T. reesei 120 h

a

A. pullulans 120 h

a

Control 120 h

a

0.0

0.1

0.2
0.3
0.4
Total phytic acid (g/100g)

0.5

0.6

Figure 3.2: Phytic acid content of uninoculated control and fermented samples at 120 h of
incubation.
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3.4.2.4. Total Glucosinolate Content (GLS)
GLS content of the canola seed sprouts decreased significantly from 1.65 µmol/g
(Table 3.1) to less than 0.5 µmol/g after heat sterilization and oven drying (Table 3.4). Loss
of GLS content due to the breakdown of GLS into a volatile component during heat
treatment is well documented (Halkier and Gershenzon, 2006; Croat et al., 2016b). Clearly
there was some degradation in GLS content of seed sprouts post-fermentation with three
different fungal strains, A. pullulans exhibiting the maximal reduction in 120 h. However,
due to the presence of very low level of GLS in the starting material, there was no
significant different among fungal strains. Similarly, fungal fermentation time did not have
any significant impact on the residual GLS content of the fermented sprouts. Previous
studies have shown that various microbes, including T. reesei, A. pullulans, N. crassa, are
able to degrade GLS content of oilseed meals (Croat et al., 2016b; Simon et al., 2017)
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Table 3.4: Total glucosinolate content of fermented canola seed sprouts
Sample

Canola seed
sprouts

Microbes
Control
A. pullulans
T. reesei
N. crassa

0
0.56±0.02 a/B
0.82±0.06 a/A
0.52±0.02 a/B
0.45±0.06 a/B

Total glucosinolates (µmol/g), dry basis
Fungal fermentation (h)
24
48
72
96
a/AB
a/A
a/AB
0.66±0.06
0.70±0.06
0.58±0.04
0.47±0.09 a/AB
0.39±0.05 b/C
0.35±0.06 b/B
0.35±0.18 b/B
0.27±0.02 b/B
0.81±0.07 a/A
0.69±0.09 a/A
0.77±0.02 a/A
0.79±0.33 a/A
0.56±0.03 a/B
0.62±0.02 a/A
0.61±0.05 a/AB
0.53±0.10 a/AB

120
0.59±0.02 a/A
0.23±0.07 b/A
0.43±0.16 a/A
1.09±0.70 a/A

Mean ± standard deviation. Three replicates. Uppercase letters signify significance among groups for each incubation time at (p≤0.05). Lowercase
letters signify significance among incubation time for each fungus at (p≤0.05). Control is uninoculated.
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3.4.2.5. Total Soluble Sugars
Total soluble sugars (sum of mono- and oligo- saccharides) content as determined
for uninoculated control and three fungal strains at different time periods of fermentation
are shown in (Figure 3.3). As expected, total soluble sugar content of uninoculated control
was consistent throughout the incubation period (0 to 120 h). Total soluble sugars for all
fungal treated samples showed a declining pattern over time. Which could be attributed to
the fungal utilization of carbohydrate as energy source (Olukomaiya et al., 2020a). Among
all the strains tested, no detectable amounts of sugars were present by the 72 h of
fermentation for N. crassa, while significant reduction in total soluble sugar contents of A.
pullulans (96.6%) and T. reesei (75.9%) was observed by 120 h of incubation as compared
to 0 h. Our results were consistent with previous results by Croat et al. (2017), who reported
total soluble sugar reduction ranged from 88.5-94.6% in submerged fermented hexane
extracted canola meal using Fusarium venenatum, A. pullulans, and T. reesei.
Control

A.pullulans

T.reesei

N.crassa

Total soluble sugars (mg/mL)

6.0
5.0
4.0
3.0
2.0
1.0
0.0
0

24

48

72

96

120

Fermentation, h

Figure 3.3: Total soluble sugar content of uninoculated control and fermented samples at
different time periods of fermentation.
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3.5. Conclusion
The experiments presented in this study were designed to determine the proximate
composition of canola seed sprouts, and to explore the effects of fungal fermentation of
canola sprouts to further improve its nutritional characteristics. Results showed that after 6
days of sprouting, there was a significant loss in the total oil content and while total protein
content was improved. The other nutritional characteristics of sprout were found to be
enhanced by the reduction of phytic acid and fiber content, and only slight increase in GLS
content. Fungal fermentation of seed sprouts further improved the measured nutritional
characteristics as total fiber amount was reduced with N. crassa and the total protein
content was increased with T. reesei fermented sprouts. Interestingly, we noticed that
fermentation process with sprouts tend to be more robust than other oilseed meals
suggesting overall high process efficiency. These results demonstrated that canola seed
sprouting when combined with the fungal fermentation, resulted in generally improved
nutritional characteristics of canola as a feed ingredient with a relatively short fermentation
period. However, process parameters such as sprouting conditions (days, moisture, light,
etc.) and fermentation mechanism need to be fully optimized to understand the full
potential of these processes. Additional research is currently underway to determine the
nutritional characteristics of defatted canola seed sprouts. This line of research on
improving the nutritional quality of canola as a feed ingredient could lead to the further
enhancement and diversification of canola market.
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Chapter 4. Daily Development of Nutritional Composition of Canola Sprouts
Followed by Solid-State Fungal Fermentation Ϯ
Ϯ

This chapter was published on Journal of Food and Bioprocess Technology with minor edits, and the journal

approval was granted to publish the work in this dissertation. Citation information: Alhomodi, et al. (2021).
Daily Development of Nutritional Composition of Canola Sprouts Followed by Solid-State Fungal
Fermentation. Food and Bioprocess Technology, 14, 1673-1683. DOI: https://doi.org/10.1007/s11947-02102667-2

4.1. Abstract
Sprouting is a beneficial way to increase the nutritional value of the original seeds.
Besides, fungal fermentation of sprouts can further improve sprouts composition by
reducing antinutritional factors and concentrating protein content. Thus, this study
characterized the daily nutritional changes in canola sprouts and further evaluated the effect
of fungal fermentation on 144 h sprouts under solid state fermentation conditions.
Sprouting process resulted in high moisture containing sprouts (75.3%) due to water uptake
by seeds. The oil content of sprouts (27.2% at 144 h) was significantly (p ≤ 0.05) reduced
when compared to raw seeds (39.6%). Likewise, phytic acid, crude fiber, acid detergent
fiber, and neutral detergent fibers were reduced by 49.7, 32.8, 19.7, and 16.6%,
respectively when compared to raw seeds. There was significant increase in protein and
total soluble sugar contents of sprouts, and glucosinolates also increased from 1.3 to 3.5
µmol/g post sprouting. Fungal fermentation with Neurospora crassa resulted in the highest
protein increase (32.8%). Heat-sterilization reduced glucosinolates by 38.8% and a further
reduction (4.0%) was obtained by fermentation with Trichoderma reesei. A reduction in
phytic acid content of 81.4, 45.8 and 10.2% was achieved by fermentation with N. crassa,
T. reesei, and Aureobasidium pullulans, respectively. Total soluble sugars were reduced
by 3.3 mg/mL post heat-sterilization, and fungal fermentation led to the further reduction
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of total soluble sugars, but total fibers were found to be concentrated post fermentation.
These results highlight the enhancement of nutritional values of sprouted seeds and further
fermented sprouts compared to ungerminated seeds and unfermented sprouts, respectively.
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4.2. Introduction
Rapeseed contributes to 13% of the global supply of food grade vegetable oil
(Raymer, 2002) and is ranked as the second largest cultivated oilseed crop in the world
(Östbring et al., 2020). Canola seed is a genetically modified breed of Canadian rapeseed,
developed by plant breeding techniques with an oil fatty acid composition of <2% erucic
acid and defatted seed meal that contains <30 µmol/g glucosinolates. When canola is
processed for oil extraction, a large quantity of defatted meal is generated as a co-product.
The meal constitutes high level of protein [34.5 to 38.4% (wet basis) depending on seed
varieties (B. napus, B. rapa, B. juncea)] (Tan et al., 2011b) and has a well-balanced amino
acid profile and a high protein efficiency ratio (3.29) (Khattab and Arntfield, 2009).
Although canola meal protein composition is desirable for animal feed applications (Mailer
et al., 2008a) or human nutrition (Khattab and Arntfield, 2009), it still remains
underutilized. The presence of antinutritional factors (ANFs) such as (glucosinolates,
phytic acid and high fiber content) that lower the digestible energy content (Khajali and
Slominski, 2012) is one of the major factors limiting its use.
Sprouting and fermentation processes are known to improve the nutritional
characteristics of food as compared to their unsprouted and unfermented counterparts
(Nkhata et al., 2018). Sprouting is the method of soaking and incubating seeds under
optimal growth conditions (temperature, light, etc.) until they germinate and begin to grow.
The activation of endogenous enzymes during sprouting leads to the degradation of
antinutritional factors. Some of the examples could include, phytic acid reduction due to
phytase activity, and an increase in protein digestibility due to proteases (Ghavidel and
Prakash, 2007; Onyango et al., 2013; Rasane et al., 2015). Fermentation is a process where
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microorganisms enzymatically alter the food matrix (Karovičová and Kohajdova, 2007)
resulting in enhanced bio-accessibility and bio-availability of nutrients (Hotz and Gibson,
2007). Several studies have shown further improvement in sprout composition when
sprouts were used as substrates for microbial fermentations. Maejima et al. (2011) observed
an increase in antioxidant activity of fermented buckwheat sprouts. Hunaefi et al. (2013)
reported that fermenting red cabbage sprouts using three types of lactic acid bacteria
increased antioxidant activity and decreased the total phenolic compounds, anthocyanins,
and L-ascorbic acid.
The present study was designed and conducted with the goal of understanding the
impact of sprouting durations on the nutrient composition of canola, and possible changes
in the sprout composition that might occur due to fungal fermentation. Microbial
fermentation can be performed in submerged fermentation (SmF) (liquid medium) or solidstate fermentation (SSF) (solid medium). SSF has become popular due to the production
of higher yields with better characteristics compared to SmF (Pandey, 2003). Besides, SSF
does not require excessive water that needs further downstream processing as in SmF. In
addition, SSF more closely mimics the natural habitat of cultivated fungi, which enhances
the growth and production, hence, SSF was used for fermenting canola sprouts.
The specific goal of the study was to determine if sprouting followed by
fermentation would be beneficial in improving the canola meal composition for its
advanced utilization. Hence, the objectives of the study were, a) to evaluate the daily
nutrient composition of canola sprouts (day 1 to 6); and b) to determine the effect of solidstate fermentation on the nutrient composition of 6 days old canola sprout using three
generally recognized as safe (GRAS) fungal strains: 1) Aureobasidium pullulans, 2)
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Trichoderma reesei, and 3) Neurospora crassa. Besides being GRAS, these fungi were
previously reported to be effective in improving the nutritional composition of canola
(Alhomodi et al., 2021a; Alhomodi et al., 2021b; Croat et al., 2016a) due to their abilities
to produce multi enzymes (Chi et al., 2009; Wen et al., 2005); hence these three fungi were
selected for the present study.
4.3. Materials and Methods
4.3.1. Process for Canola Seed Sprouting
A bulk quantity (100 kg) of canola seeds was obtained from ADM/Specialty
Commodities LLC (Fargo, North Dakota, United States). Two different set of sprouting
experiments were conducted for SSF and daily compositional observation of sprouts. For
daily nutritional sprout observation, seven batches of 100 g of canola seeds were weighted
out from 100 kg seed container and then soaked separately in tap water at room temperature
(~22 °C). After 24 h of soaking, seeds were transferred into sealed plastic containers and
covered partially with semi-transparent lids to ensure enough air ventilation. The container
contents were sprayed twice daily with tap water to keep seeds moist during sprouting time.
Sprouts were harvested daily, starting with 24 h soaked seed and ending with 144-h sprouts.
Each batch was dried in an oven at 60 °C for 24 h, and total weight before and after drying
was recorded. Dry batches were milled into fine powder using a Krups coffee grinder
(Solingen, Germany) and were stored at room temperature in plastic Ziploc bags. Sprouts
for SSF were prepared using the same protocol as described above for the daily
compositional observation, except for sample size. Five hundred grams of seeds were
soaked in tap water for 24 h and then germinated for 6-day periods. All experiments were
conducted in triplicate.

71
4.3.2. Microbial Inoculum Preparation
Aureobasidium pullulans, Trichoderma reesei, and Neurospora crassa were
obtained from the National Center for Agricultural Utilization Research (Peoria, IL). Each
strain was stored in the refrigerator and sub-cultured at monthly intervals. Eight mm plug
of a microbial colony grown on potato dextrose agar (PDA) was transferred into 250 mL
Erlenmeyer flask prepared with sterile 100 mL medium of 5.0% glucose, 0.5% yeast
extract, and optimal pH of 3.0 ± 0.1, 5.0 ± 0.1, and 5.0 ± 0.1 for A. pullulans, T. reesei and
N. crassa, respectively. The flasks then were incubated for 48 h at 30 °C in rotary shaker
at 150 rpm.
4.3.3. Solid State Microbial Fermentation of Canola Sprouts
Dried and ground 6-day old canola sprouts (100 g) was placed into a 500 ml
Erlenmeyer flasks and equal amount of water was added to achieve solid loading rate of
50% on dry weight basis. Prepared flasks were then adjusted for optimal pH of 3.0 ± 0.1,
5.0 ± 0.1, and 5.0 ± 0.1 for A. pullulans, T. reesei and N. crassa, respectively. Flasks
covered with foam plugs and aluminum foil were autoclaved at 121 °C for 20 min. The
flasks were then inoculated with 10 ml of a 48h culture of A. pullulans, T. reesei, and N.
crassa. Additionally, uninoculated flasks were also used as control. All flasks with final
moisture content of 60% were incubated at 30 °C for 168 h in a static mode. Triplicate
flasks of each microbe and uninoculated control were harvested, and pH measured at 168
h. Fungal colonization were observed daily. All recovered solids were oven dried (80 °C
for 24 h) and ground for residual sugar, total protein, fiber, phytic acid, and total
glucosinolate analyses.
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4.3.4. Analytical Assays
4.3.4.1. Fresh Canola Sprout Yield
Daily fresh sprouts starting with overnight soaked seed were weighed and
expressed as fresh yield in grams. The sprouts were then dried at 60 °C for 24 h.
4.3.4.2. Moisture Content of Samples
All samples were analyzed for their moisture content by drying around 2 g of
samples at 80 °C for 24 h using a hot air oven (AACC, 2010).
4.3.4.3. Determination of Crude Fat
Crude fat was analyzed by Agricultural Experiment Station Chemical Laboratories
at the University of Missouri-Columbia using ether extraction, AOAC Official Method
920.39 (A) (Padmore, 1990).
4.3.4.4. Determination of Crude Protein Content
About 0.2490~0.2500 g of each sample was prepared for protein analysis in
duplicate. Samples were uploaded onto a LECO model FP528 (St. Joseph, MI, USA), and
the total nitrogen gas content emerged after sample combustion was measured (AOAC
Method 990.03) (Horwitz and Latimer, 2006). The nitrogen content of the samples was
used to calculate the protein percentage using a conversion factor of 6.25.
4.3.4.5. Determination of Total Glucosinolate Content
Total GLS content of different samples were measured according to Berhow et al.
(2013), a modification of the HPLC method developed by Betz and Fox (1994), to quantify
the GLS content. The methanol extracts of the dried sprouts were run on a Shimadzu
(Columbia, MD) HPLC System (two LC 20AD pumps; SIL 20A autoinjector; DGU 20As
degasser; SPD-20A UV-VIS detector; and a CBM-20A communication BUS module)
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running under the Shimadzu LC solutions Version 1.25 software. The column was a C18
Inertsil reverse phase column (250.0 mm X 4.6 mm; RP C-18, ODS-3, 5u; GL Sciences,
Torrance, CA). The GLS were detected by monitoring at 237 nm. The initial mobile phase
conditions were 12% methanol/88% aqueous 0.005 M tetrabutylammonium bisulfate
(TBS) at a flow rate of 1 mL.min-1. After injection of 15 µl of sample, the initial conditions
were held for 2 min, then up to 35% methanol over another 20 min, then to 50% methanol
over another 20 min and then up to 100% methanol over another 10 min. Standards,
prepared in this lab or purchased, were run to determine retention times and extinction
coefficients. The presence of glucosinolates were confirmed by negative ion mode analysis
on an Thermo Electron LTQ Oribitrap Discovery Mass Spectrometer (a linear ion trap MS,
coupled to a high precision electrostatic ion trap MS) with an electrospray ionization (ESI)
source, and a Thermo Scientific ACCELA series HPLC system, all running under Thermo
Scientific Xcalibur 2.1.0.1140 LC-MS software as needed.
4.3.4.6. Determination of Phytic Acid Content
Phytic acid was measured as phosphorous released by phytase and alkaline
phosphatase using the Megazyme Phytic acid/Total phosphorus kit (Megazyme, 2017).
The method includes acid extraction of inositol phosphates and further treatment by
phytase and alkaline phosphatase to free phosphates. Then, a modified colorimetric method
is used to measure the total released phosphate that is given as grams of phosphorus per
100 g of sample.
4.3.4.7. Determination of Fiber Content
Crude fiber (CF), neutral detergent fiber (NDF) and acid detergent fiber (ADF)
content for fermented canola sprout meal were determined by Agricultural Experiment
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Station Chemical Laboratories at the University of Missouri-Columbia. AOAC official
method 978.10 2006 (AOAC, 2006d) was used for CF. NDF was conducted according to
JAOAC v. 56, 1352-1356, 1973 (Holst, 1973), while ADF was tested using AOAC 973.18
(A-D) 2006 official method (AOAC, 2006c). For daily sprout CF, NDF and ADF
determination samples were submitted to Midwest Laboratories Inc., (Omaha, NE). For CF
analysis the official method AOCS Ba 6a-05 (AOCS, 2005) was used, whereas ANKOM
Tech. method (ANKOM, 2006) was used for NDF and ADF.
4.3.4.8. Determination of Total Soluble Sugar Content
Total soluble sugars were determined according to previous reported method by
(Croat et al., 2016a). In 9 mL deionized water, 1 g of each 24 h dried sample was added,
mixed, and refrigerated at 4 °C overnight for solubilization. Next, the sample was
centrifuged at 10,000 rpm for 10 min and the subsequent generated supernatant was
transferred into 2 mL microcentrifuge tube and frozen for 24 h. Thereafter, supernatant was
thawed and centrifuged at 10,000 rpm for 10 min to ensure supernatant purification.
Besides, supernatant was further filtered into a high-performance liquid chromatography
(HPLC) vial using a 0.2-μm filter connected to a 5 mL syringe. HPLC system (Agilent
Technologies, Santa Calara, CA, USA) equipped with a refractive index detector (Model
G1362A), and a waters size-exclusion chromatography column (SugarPak column I with
pre-column module, Waters Corporation, Milford, MA, USA) at a flow rate of 0.5 mL/min
(50 ppm EDTA in deionized water) and column temperature of 85 °C was used for
processed sugar sample analysis. Several concentrations of (stachyose, raffinose, glucose,
galactose, galactose-mannose, and arabinose) at 99.9% purity were used to build
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calibration curve of concentration vs. HPLC area as previously reported (Karunanithy et
al., 2012).
4.3.4.9. Determination of Ash Content
Ash content was conducted by combusting 5 g of each sample at 575 °C for 7 h
using Thermolyne F1730 Heat-treat oven [serial No. 15547; Volts 230; cycles 60; phase 1]
(Sluiter et al., 2005).
4.3.5. Statistical Analysis
Microsoft® Excel® for Office 365 MSO 64-bit and R version 1.2.5001 (Boston,
MA) were used in the statistical analysis. The statistically significant differences among
variances determined by one-way ANOVA at p ≤ 0.05 level of significance.
4.4. Results and Discussion
4.4.1. SSF of Canola Sprouts
The 6-day old canola sprout substrate was fermented for 168 h under SSF condition
using three strains, A. pullulans, N. crassa and T. reesei besides uninoculated control. The
increase in crude protein post fermentation ranged from 3.7 to 9.8% compared to raw
sprouts (Figure 4.1). N. crassa exhibited the highest protein level by 9.8% followed by T.
reesei (9.3%) and A. pullulans (5.4%). This increase in protein could be derived from the
loss of dry matter (Osman, 2011), changes in the ratio of other component due to the fungal
nutrient consumption during fermentation (Baldwin et al., 2019), the extracellular fungal
enzymatic secretion (proteins) for nutrient degradation (Oseni and Akindahunsi, 2011) and
or the increase in microbial cells (Ojokoh et al., 2013). Similarly, Inyang and Zakari (2008)
reported slightly higher increase in protein (20% protein increase in sprouted and naturally
fermented pearl millet) as compared to what was found in our study. This could have been
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due to the removal of hulls from pearl millet sprout prior to fermentation unlike in our
study where hulls were kept intact during fermentation. Ongol et al. (2013) reported that
fermentation of two 72 h germinated varieties of maize (Zm 607 and Tamira Pool A9)
resulted in protein increase of 12.1% in Zm 607 and 12.1% in Tamira Pool.
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Figure 4.1: Total protein content of fermented canola sprouts at 168 h. Letters signify
significance among groups at (p≤0.05); control is uninoculated.

Total GLS (Figure 4.2) in uninoculated control showed a significant drop in total
GLS (38.8%) as compared to the seed sprouts. This may be due to low thermal stabilities
of GLS (Oerlemans et al., 2006), which leads to degradation during heat sterilization and
further oven drying. Similarly, Croat et al. (2016a) reported 65.5% GLS reduction in
autoclaved and dried samples of canola meal compared to the raw meal. Comparing to
uninoculated control, T. reesei further reduced the total GLS by 4.0%. The reduction can
be attributed to fungal exploitation of sugar and sulfur moieties of GLS (Vig and Walia,
2001). The GLS reduction indicates the ability of T. reesei to produce myrosinase that
catalyzes the GLS into glucose and thiohydroximate-o-sulfonate (Sakorn et al., 1999). This
result is in agreement with Croat et al. (2016a) who reported a decline in total GLS of
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fermented canola meal by T. reesei and other fungi. Sakorn et al. (1999) reported the
production of myrosinase by Aspergillus sp. NR~4201when was cultivated in GLS
(sinigrin) medium, whereas no myrosinase in sinigrin free medium was detected. Unlike
T. reesei, A. pullulans and N. crassa caused an increase in total GLS by 0.22 and 0.86
µmol/g, respectively. This increase may be derived from the fungal alternations of physical
properties of fermented meal, which in return increases the extractability of GLS (Ye et al.,
2019). Besides, it could be the lack of myrosinase activity by A. pullulans and N. crassa
leading them to consume other carbon sources. According to Sakorn et al. (1999)
Aspergillus NR-4201 was only the one consuming GLS (sinigrin) completely in three days
among other three fungi grown on sinigrin glucose plates for 7 days. This can demonstrate
that the preferability of GLS hydrolysis can vary among fungi, especially when different
carbon sources (carbohydrates) are made available to microbes.
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Figure 4.2: Total glucosinolate content of fermented canola sprouts at 168 h. Letters signify
significance among groups at (p≤0.05); control is uninoculated.

There was no change in the total phytic acid content (0.63 g/100 g) of seed sprouts
and uninoculated control. Except for A. pullulans fermented sprouts, there was a significant
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decline in total phytic acid content of sprouts post fermentation (Figure 4.3). Specifically,
N. crassa showed the maximum reduction in phytic acid content (0.11 g/100 g) followed
by T. reesei (0.32 g/100 g) and A. pullulans (0.53 g/100g), when compared to uninoculated
control (0.59 g/100g). The reduction of phytic acid in fermented sprout meal is indicative
of phytase activity of fungal inoculums during SSF. Egounlety and Aworh (2003) reported
that fermentation of soybean for 36 h by Rhizopus oligosporus reduced phytic acid content
(0.88%) as compared to raw meal (1.27%). Similar results were obtained by El-Batal and
Karem (2001) who reported a phytic acid decline in fermented rapeseed meal using
Aspergillus niger. Ibrahim et al. (2002) reported that fermentation of pretreated cowpeas
by Rhizopus oligosporus and Lactobacillus plantarum reduced phytic acid content to 2.79
and 2.39 g/100 g, respectively compared to raw meal phytic acid content of 4.54 g/100 g.
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Figure 4.3: Total phytic acid content of fermented canola sprouts at 168 h. Letters signify
significance among groups at (p≤0.05); control is un-inoculated.

Total soluble sugars of raw sprouts, uninoculated control and fermented samples
are presented in Figure 4.4. Heat-sterilization of uninoculated control caused 3.3 mg/mL
reduction in total soluble sugars compared to raw sprouts. This phenomenon was seen as
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well by Croat et al. (2016b) who stated a 2.7-5.5% sugar reduction of autoclaved canola
meal compared to raw meal. This might be attributed to Maillard reactions, where a
condensation of amino group on protein with carbonyl group on reducing sugars occurs
(Lund and Ray, 2017). In addition, heat-sterilization of sugars with other nutrients can
trigger its degradation (Wang and Hsiao, 1995). A reduction of oligosaccharides (raffinose
and stachyose) was reported in soaked and cooked red beans at 77.0 and ~99.3 °C,
respectively (Nyombaire et al., 2007). Three major categories of carbohydrates (soluble,
insoluble, fiber) are present in the canola, where soluble sugars could make up to 10% of
the oil-free weight and constituting sugars like sucrose (3.9 to 9.8%), raffinose (0.3 to
2.6%), stachyose (0.8 to 1.6%), fructose (0.1 to 0.5%) and glucose (0.1 to 0.4%) at varying
level (Barthet and Daun, 2011). A. pullulans exhibited the highest total soluble sugar
reduction by 29.9% compared to uninoculated control. Baldwin et al. (2019) reported full
consumption of monosaccharides (glucose and fructose) present in soybean meal by
Aureobasidium pullulans within 24 h of incubation. T. reesei and N. crassa showed a
different trend, where an increase in total soluble sugars by 0.2 and 0.8 mg/mL,
respectively was observed. This trend of increase in sugars reflects the enzymatic ability
of both strains to break down complex carbohydrates into oligosaccharides and simple
sugars, thereby increasing the total soluble sugar levels during fermentation.
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Figure 4.4: Total soluble sugar content of fermented canola sprouts at 168 h. Letters signify
significance among groups at (p≤0.05); control is uninoculated.

Total fibers (CF, ADF and NDF) and total solid recoveries are shown in Table 4.1.
There were significant losses in total solid recoveries as compared to uninoculated control.
Among three strains tested A. pullulans resulted in minimal loss of solids with resulting
solid recoveries of (93.8 g) followed by T. reesei (91.7 g), and N. crassa (91.6 g).
Compared to seed sprouts, fiber results (CF, ADF and NDF) of uninoculated control and
three fungal strains showed a slight increase in fibers. These increases may be attributed to
dry matter loss as seen in Table 4.1. A. pullulans reduced CF and NDF by 6.1 and 4.2%,
respectively while increased ADF by 7.4% compared to uninoculated control. N. crassa
and T. reesei increased all fiber fractions (CF, ADF, and NDF) compared to uninoculated
control. The possible reason for this increase may be justified by the fungal metabolization
of easily digestible sprout components leading to the concentration of other components.
Similar results were reported by Croat et al. (2016a) who noted an increase in acid detergent
fiber and neutral detergent fiber of hexane extracted and cold pressed canola meal
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fermented by Pichia kudriavzevii, Fusarium venenatum, Mucor circinelloides, and three
strains of A. pullulans.
Table 4.1: Total fibers (CF, ADF and NDF) and total solid recoveries of solid-state fermented
canola sprouts at 168 h
Process
parameters
Control
A. pullulans
T. reesei
N. crassa

Total fiber (dry basis)
Fungal fermentation at 168 (h)
TSR (g)

CF (%)
a

97.8±0.59
93.8±0.35b
91.7±0.48c
91.6±0.54c

ADF (%)
a

12.2±0.94
11.5±1.11a
13.1±1.00a
12.9±1.11a

bc

18.6±0.08
20.0±0.73ab
21.3±1.11a
19.9±0.65ab

NDF (%)
22.6±0.79a
21.6±0.89a
26.0±2.80a
23.7±3.20a

Mean ± standard deviation. Letters signify significance among groups for each incubation time.
Control is uninoculated. TSR: total solid recovery; CF: crude fiber; ADF: acid detergent fiber;
NDF: neutral detergent fiber.

4.4.2. Daily Nutritional Changes of Canola Seed Sprouts
Daily nutrient composition changes of canola seed sprouts in terms of dry matter,
crude oil, crude protein, phytic acid, GLS, total soluble sugars, ash, and fibers (CF, ADF
and NDF) were observed starting from raw seeds, soaked seeds and daily germination
intervals up to 144 h. Significant amount of water uptake occurred during the overnight
soaking of canola seeds, which led to an increase in moisture content of raw seeds from
7.1% to 56.3% in soaked seeds (Table 4.2). This rapid increase in moisture content of
soaked seeds is due to imbibition of water to rehydrate cell matrices (Nonogaki et al.,
2010). As sprouting progressed, sprouts moisture also continued to increase from 56.7%
(24 h) to 75.3% (144 h) demonstrating a linear upward trend of moisture vs sprouting
duration. The possible explanation for daily moisture increase is due to formation of new
cells requiring hydration (Nonogaki et al., 2010). Our results concurred with Masood et al.
(2014) who reported a daily increase in moisture content of germinated mung bean and
chickpea.
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Crude oil content of soaked seeds (44.2%) was found to be higher than the raw
seeds (39.6%), and oil content of sprouts remained unchanged up until 48 h of sprouting
(Table 4.2). The oil content of sprouts started to drop after 72 h of sprouting (39.5%), and
a gradual drop proceeded until last day of sprouting (144 h) with resulting oil content of
27.2%. Oil reduction is due to the metabolization of nonpolar lipid by sprouts for energy
source (Barthet and Daun, 2005). Our results concur with Bhardwaj and Hamama (2007);
Hamama and Bhardwaj (2011); Dawood et al. (2013) findings in terms of crude oil
reduction, whereas contradicting them with respect to the increase in crude fat of soaked
seeds. It is known that seed imbibition causes damages to cell membrane besides other
organelles that later undergo to cellular restoration with sprouting time (Nonogaki et al.,
2010). Based on the aforesaid fact, we assume that observed high oil content may be due
to the solute leakage of inorganic ions, sugars, amino acids, proteins, or organic acid during
seed rehydration (Nonogaki et al., 2010). Our total soluble sugar data (Table 4.2) showed
54.8% reduction in total soluble sugars post 24 h soaking, which could be due to the loss
of total soluble sugars at that phase leading to the concentration of other components such
as the oil fraction. Similarly, an increase in lipid content of sorghum seeds was reported to
be 4-fold due to soaking, and seed sprouts had about 2.5 fold increase in fat contents as
compared to raw seeds Obizoba and Atii (1991) .The lipid increase in their study was
attributed to the synthesis of fatty acids.
The crude protein content of the canola seed was increased during soaking and
throughout the sprouting period (Table 4.2). During soaking and initial phase of sprouting
(up to 48 h) crude protein content of canola seeds increased by ~6.9% when compared to
the raw canola seeds. The protein content only slightly increased from 48 h (24.6%) until
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the end of sprouting time (26.3%). This increase can be attributed to the synthesis of new
proteins during sprout development (Nonogaki et al., 2010) or due to changes in protein
ratio to other components. A gradual increase in protein content of mung bean varieties
with an increase in sprouting period have been previously reported Shah et al. (2011).
Similarly, Masood et al. (2014) reported an increment in protein content of mung bean
from 23.5 to 30.5% and chickpea from 17.8 to 23.4% when germinated for 120 h.
Phytic acid content of raw seeds decreased after soaking by 19.4% (Table 4.2). The
level of phytic acid continued to drop with sprouting time and reached maximal reduction
of 49.7% at 144 h of sprouting, when compared to raw seeds. Phytic acid reduction after
soaking can be attributed to the leaching of phytate ions during imbibition (Kaur et al.,
2020). Further decrease of phytic acid during germination is caused by the increase of
phytase activity (Reddy et al., 1989). Frias et al. (2005) reported that 4-day germination of
cruciferous seeds (radish seeds, small radish seeds, rapeseed and white mustard seeds)
resulted in 50.0% phytic acid reduction, except small radish seeds that showed 77.0%
reduction under dark condition. Kaur et al. (2020) reported that soaking rice bean for 18 h
led to 43.1% reduction in phytic acid while 60.3% reduction was seen in 72 h germinated
sprouts. Ibrahim et al. (2002) reported that soaking cowpeas for different intervals (8 h, 12
h, and 16 h) led to a phytic acid reduction.
Total GLS levels of soaked seeds and sprouts showed higher values than raw seeds
(Table 4.2). Comparing to raw seeds, soaked seeds exhibit 7.0% increase in GLS. With
sprouting time, GLS further increased from 1.5 to 3.5 µmol/g. Although there was sudden
spike in total GLS content of sprouts at 72 h of sprouting, we believe that this was not
indicative of any significant alternations in GLS composition. Rather it could have been

84
the consequence of several factors. For instance, one possibility could be the differences in
seed viability during sprouting process as individual set-up was used for sprouting
experiments at each time interval. Another reason may be due to the efficiency of GLS
extractability and detectability during the analysis because of the low levels of these
glucosinolates in canola seeds. Bellostas et al. (2007) reported an increase in total GLS of
red cabbage from seed to 4-day old sprouts, while an increase was seen in savoy cabbage
and cauliflower from day 4 to day 7. Total GLS of rapeseed sprouts grown in light showed
an increase in day 1 and 2 compared to the raw seeds followed by a decrease in the levels
of GLS with sprouting time (Ciska et al., 2008).
Soaking and sprouting had a significant effect on total soluble sugars (primarily a
sum of stachyose, raffinose, glucose, and galactose) (Table 4.2). Soaked seeds showed a
reduction by 54.8% compared to the raw seeds. Germination from 24 h to 144 h exhibited
an upward increase in the total soluble sugars. Sprouts grown for 144 h showed 86.7%
increase in total soluble sugars compared to ungerminated seeds. The initial sugar reduction
can be attributed to the leakage of soluble sugars during imbibition due to seed organelles
and membrane damages (Nonogaki et al., 2010). In contrast, the total soluble sugars
increase can be as a results of the conversion of free fatty acid produced during lipolytic
hydrolysis to carbohydrates by metabolic pathways with sprouting time (Black and
Bewley, 1983). Similar results were obtained by Balasaraswathi and Sadasivam (1997)
who reported total soluble sugar reduction in the first two days of sunflower seed
(Helianthus annuus) germination followed by an increase up to 5 days. Ibrahim et al.
(2002) reported that soaking cowpeas for 16 h led to a raffinose and stachyose reduction
by 100.0 and 83.8%, respectively. On the same line, Mulimani et al. (1997) reported that
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soaking soybean for 16 h reduced stachyose by 44.8% and raffinose by 80.3%. A study on
the effect of germination on carbohydrates of pearl millet showed a significant increase in
total soluble sugars, reducing sugars and non-reducing sugars after 24 h germination
(Khetarpaul and Chauhan, 1990a). Obizoba and Atii (1991) reported a significant increase
in reducing sugars of sorghum sprouts compared to ungerminated seeds.
Ash content of raw seeds insignificantly increased after imbibition and sprouting
(Table 4.2). The highest ash level was seen at 144 h sprouting time with 4.0% compared to
raw seed 3.7%. This increase can be explained by the incremental reduction of the mineral
chelator (phytic acid) (Table 4.2) which led to the liberation and concentration of minerals.
Similar results were obtained by Fouad and Rehab (2015) who reported gradual ash content
increases in lentil spouts germinated for 3, 4, 5, and 6 days. Sun Lim et al. (2001) reported
a rise in the ash content of buckwheat seed grown for 6, 7, and 8 days.
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Table 4.2: Daily nutrient changes of canola sprouts
Samples
RS
SS
24h-S
48h-S
72h-S
96h-S
120h-S
144h-S

DM
92.9a
43.7c
43.3d
47.0b
38.7e
37.3f
29.3g
24.7h

CO
39.6±0.42b
44.2±0.05a
44.9±0.15a
44.1±0.01a
39.5±0.44b
38.1±0.19c
32.1±0.02d
27.2±0.11e

CP
23.1±0.36f
24.6±0.01e
24.6±0.03e
24.9±0.09de
25.3±0.08cd
25.5±0.08bc
26.1±0.11ab
26.3±0.15a

Analysis, dry basis
PA
1.8±0.05a
1.4±0.01b
1.4±0.01b
1.2±0.01c
1.1±0.01cd
1.1±0.01d
0.9±0.01e
0.9±0.01e

GLS
1.3±0.08c
1.4±0.10c
1.5±0.15c
1.5±0.06c
2.3±0.03b
1.9±0.10b
1.9±0.26b
3.5±0.11a

TSS
4.3±0.02d
1.9±0.43f
2.8±0.04e
6.5±0.33c
6.5±0.06c
7.3±0.02b
7.9±0.03a
8.0±0.16a

Ash
3.7±0.17a
3.8±0.05a
3.8±0.02a
3.8±0.11a
3.9±0.11a
4.0±0.05a
4.0±0.01a
4.0±0.04a

Mean ± standard deviation. Letters signify significance among raw seed, soaked seed and sprout germination times at (p≤0.05). RS: raw seed; SS:
soaked seeds; S: sprouts; DM: dry matter %; CO: crude oil %; CP: crude protein; PA: phytic acid (g/100g); GLS: total glucosinolates (µmol/g);
TSS: total soluble sugars (mg/mL).
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CF, ADF, and NDF increased post-imbibition by 49.2, 6.7, and 15.2%, respectively
(Figure 4.5). This increase can be attributed to a concentration factor due to the leakage of
soluble components during seed rehydration (Abu El Gasim et al., 2008) that causes a
temporary membrane damage (Nonogaki et al., 2010). After soaking, total fiber (CF, ADF,
and NDF) started decreasing with sprouting time, and the last day of sprouting (144 h)
exhibited a decline by 32.8% for CF, 19.7% for ADF, and 16.6% for NDF compared to
raw seed. Ongol et al. (2013) reported 25.0 and 23.0% reduction in fiber content of 72 h
germinated maize varieties (Zm 607 and Tamira Pool A9), respectively. Khalil et al. (2007)
reported that sprouting two types of chickpeas (kabuli and desi) for (24, 48, 72 and 96 h)
had insignificant effect on crude fiber. Shah et al. (2011) reported a crude fiber increase in
mung bean seed sprouts (Ramzan variety) at 24 h germination followed by a reduction after
48 h then again increase with sprouting time. Different studies showed an increase in crude
fiber of germinated seeds compared to ungerminated seeds such as mung bean, chickpea
(Masood et al., 2014), and barley (Chung et al., 1989).
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Figure 4.5: Fiber content of daily sprouting canola seeds up to 6 days. RS: raw seeds; SS:
soaked seeds; S: sprouts; CF: crude fiber %; ADF: acid detergent fiber %; NDF:
neutral detergent fiber %.

4.5. Conclusion
Canola sprouts at different germination period showed various changes in the
nutrient composition compared to ungerminated seeds. This knowledge of nutritional
change of sprout composition showed the potential of selecting the optimal sprouting
interval for desirable sprout characteristics. Further sprout compositional improvement can
be achieved by, 1) Optimizing germination conditions like temperature, light, moisture,
seed type, etc., and 2) Mechanically separating hulls from sprout. Further fungal
fermentation to 6-day canola sprout substrate under SSF enhanced canola sprout nutrient
composition and aided in the removal of undesirable anti-nutritional components. For
further sprout compositional enhancement, co-culture fermentation process can be applied.
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Chapter 5. Meal Nutritional Characteristics and Oil Profile of Sprouted,
Dehulled, and Solvent- Extracted Canola Ϯ
Ϯ
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5.1. Abstract
BACKGROUND: Canola meal has limited utilization in feed and food applications
due to the presence of antinutritional factors and high fiber content. Thus, this study used
three-day canola seed sprouting followed by hull removal to improve the nutritional quality
of canola as a feed and food ingredient to further enhance and diversify canola market.
RESULT: Seed sprouting, and hull removal process resulted in 63.2% sprouts,
29.3% mix fractions (MF) (hulls, ungerminated seed, and delayed sprouts), and 8.1% mass
loss during sprouting. Fresh sprouts and MF were dried, ground, and defatted to compare
the obtained meals and oils with their counterparts of raw seed. Defatted sprouts (DFSP)
resulted in a reduction of 46.2% in crude fiber, 34.3% reduction in acid detergent fiber, and
43.4% reduction in neutral detergent fiber as compared to defatted raw seed (DFSE). DFSP
had a 10.1% higher protein content and a 5.9% increase in total amino acid content with
higher essential amino acids as compared to DFSE. Total soluble sugars, phytic acid
content, and ash content were lowered by 5.5, 25.9, and 5.5%, respectively in DFSP,
whereas the total glucosinolate content was higher in DFSP (13.1 µmol/g) than DFSE (8.8
µmol/g). Sprouts and MF had an oil content of 38.4 and 9.6%, respectively as compared to
raw seed (34.5%).
CONCULUSION: Sprouting and hull removal of canola seed can potentially
provide nutritive meal for food and feed applications.
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5.2. Introduction
Rapeseed/canola (Brassica sp.) is an important oilseed crop consisting of outer seed
hull (13-20%), and internal seed kernel (80-87%) (Aider and Barbana, 2011). It contains
high level of oil (40-45%), and protein (~25%) with excellent nutritional quality (Aider
and Barbana, 2011; Mitaru et al., 1984). The industrial processing of canola involves
preprocessing (cleaning, pressing, flaking, and cooking), mechanical pressing, and/or
organic solvents to recover the oil. This process generates large quantities of protein-rich
[~ 40% dry basis (db)] meal as a co-product (CCC, 2019). The meal is a valuable source
of proteins, but it contains high levels of antinutritional factors (ANFs) such as high fibers,
phytic acid, and glucosinolates, and low metabolizable energy (Croat et al., 2017).
Therefore, it is partially included in the animal diets. Several research attempts have been
made to remove ANFs by applying different pre- and post-processing (Olukomaiya et al.,
2020c; Alhomodi et al., 2021a; Thakor et al., 1995; Hansen et al., 2017). The interest is
mainly related to the removal of ANFs to enrich the canola meal proteins for its industrial
application. Microbial fermentation of the meal potentially reduces the significant amount
of ANFs except high fibers, which is still a challenge (Croat et al., 2016a). High fiber in
canola is largely contributed to the hull fraction (~65% fiber, db) of the seed. Thus,
dehulling the seeds to remove the fibrous envelope to obtain low fiber meal could
potentially offer a solution to the problem. Dehulling operation in canola however has been
difficult to implement in the industrial process due to the significant loss of the proteins
and oils in the hulls (Mohamadzadeh et al., 2009). These problems have mainly occurred
due to the small seed size and close association of hulls with the kernels. Hence, dehulling
mechanisms such as front-and tail-end dehulling, and hydrothermal pretreatment have not
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moved beyond research (Rempel et al., 2020). While an efficient dehulling mechanism is
still lacking for the small sized seeds, growing global demand for the plant-based proteins
has surged the research focus in canola seeds with the aim of advancing its industrial use.
Few studies have used traditional sprouting process to elevate the level of key nutrients
(essential and non-essential nutrients such as proteins, carbohydrates, vitamins, and
minerals) and lower the levels of ANFs in canola (Bhardwaj and Hamama, 2009b;
Bhardwaj and Hamama, 2009a; Bhardwaj and Hamama, 2007; Barthet and Daun, 2005;
Chung et al., 1989).
The consumption of raw brassica sprouts has been touted for their health benefits
owing to high level of bioactive compounds (Kristal and Lampe, 2002). Literatures
available on the canola seed sprouting revealed that proximate composition of six-day
canola sprouts is affected by duration of sprouting, and cultivar types (Bhardwaj and
Hamama, 2009a; Bhardwaj and Hamama, 2009b; Bhardwaj and Hamama, 2007).
Considering the advantages that sprouting offers, we previously conducted series of
experiments where sprouted canola seeds were fermented with a set of microbes to produce
nutrient enriched meals (Alhomodi et al., 2021c; Alhomodi et al., 2021b). Some key
observations made during our previous studies led us to conceptualize this study. We
noticed that during sprouting process, seed coat gets loosened, which could be easily
removed by applying external force to separate hulls from kernels. This would lead to the
dehulled sprouts which could either be consumed directly as nutrient source or subjected
to further oil extraction to produce the defatted protein-rich meal. The nutritive value of
the protein- rich meal and its applicability may create new markets for the canola industry.
Though there are few reports that indicate that extraction of oil from dehulled seeds yield
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superior oil (Koubaa et al., 2016) as compared to traditionally extracted canola oil, the
combined effect of sprouting and dehulling on the oil and meal composition is currently
lacking and should therefore be investigated.
In this study, canola seeds were sprouted at the minimal sprouting time, and hulls
were removed manually to produce the dehulled sprouts. Dehulled sprouts and full fat
seeds were subjected to solvent extraction to remove oil. The effect of sprouting and
dehulling on the oil yield, oil quality, and meal proximate composition were assessed and
compared with the unsprouted seeds.
5.3. Materials and Methods
Canola seeds were obtained from ADM/Specialty Commodities LLC (Fargo, ND).
Seeds were stored in a sealed container at room temperature until use.
5.3.1. Canola Seed Sprouting and Hull Removal
Fifty grams of canola seeds were mixed with 800 mL of deionized (DI) water and
kept at room temperature (~22 °C) for soaking. After 24 h of soaking, seeds were
transferred into 1 L round wide-mouth Pyrex glass bottles. Bottles were covered with
cheese cloths to ensure adequate ventilation. The seeds in the bottles were kept moist by
adding water (20 mL) twice daily (at the interval of 12 h), and access water was drained.
Bottles were kept at room temperature for 3 days. After 72 h of sprouting, the sprouts were
poured into a bucket (18.9 L, 25 cm width × 36 cm length) and water was added directly
from the tap. During water addition, hulls were detached from the seed endosperm and
floated on the top. The floating hull fractions were then removed by using strainer, whereas
partially attached hulls to the sprouts were separated by hand agitation. Due to the difficulty
of separating the unsprouted seeds and the hull fraction, they were combined, and called
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mixed fraction (MF). All fractions were dried in an oven at 50 °C for 24 h, and total weight
before and after drying was recorded (Dawood et al., 2013). Dry sprouts and MF were
separately milled into fine powder using a coffee grinder and were stored at room
temperature in plastic Ziploc bags. Graphical details of canola seed sprouting followed by
manual hull removal are presented in the Figure 5.1. To ensure adequate quantity of
sprouted and dehulled material, sprouting and dehulling experiments were conducted in
100 small batches (50 g seeds/batch experiment) to produce 5 kgs of each fraction. Upon
completion of experiments, all the sprouts and hull fractions were combined separately to
produce large quantities of dehulled sprouts and mixed fractions. These two fractions were
then submitted to oil extraction via pilot scale processing.
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Figure 5.1: Graphical representation of process flow. FFSE: full fat seeds; FFSP: full fat sprouts; FFMF: full fat mixed fraction; MF: mixed
fraction.
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5.3.2. Oil Extraction
A pilot scale solvent extraction unit (model FT29, Armfield Ltd, Hampshire,
England) was used to defat the canola samples. Three canola samples (raw canola seeds,
dehulled sprouts, and mix fraction) were defatted separately. During the defatting process,
the sample (~2 kg) were put in a 0.5 mm meshed bag and loaded into the extractor vessel.
Hexane was added in the vessel to submerge the sample in the bag. The extraction content
was then heated to 55-60 °C and allowed at that temperature range for 30 min. The miscella
(hexane and oil) was drained and a fresh hexane was added again, and the process was
repeated twice. After the second extraction step, the solvent was removed from defatted
meal by using a vacuum oven at 60 °C and pressure of 300 mmHg for 8 h. These
experiments were conducted in duplicate. Overall process flow used in this study is
presented in the Figure 5.2.
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Figure 5.2: Overall process flow of canola seed sprouting and oil extraction. DI, deionized
water; RT, room temperature; MF: mixed fraction; FFSPM: full fat sprout meal;
FFMFM: full fat mixed fraction meal; DFSEM: defatted seed meal; DFSPM: defatted
sprout meal; DFMFM: defatted mixed fraction meal.

5.3.3. Analytical Assays
5.3.3.1. Oil Content
The oil content of the samples before and after defatting was analyzed using an
accelerated solvent extractor, ASE 200 (Dionex Sunnyvale, CA) where the oil in 7-9 g
samples were extracted and quantified. The ASE 200 used hexane and was set at 100 °C,
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6.7 MPa, 5 min heat time, 10 min static, 100% flush volume, 60 s purge time, and three
static cycles. This analysis was conducted in duplicate for each sample.
5.3.3.2. Oil Profile and Free Fatty Acid Content
Oil profile was analyzed by Agricultural Experiment Station Chemical
Laboratories at the University of Missouri-Columbia. AOAC Official Method 996.06
[Analysis of methyl esters by Capillary GLC] (AOAC, 2002), AOCS Official Method Ce
2-66 [Preparation of Methyl Esters of Fatty Acids] (AOCS, 1998), and AOAC Official
Method 969.33 [Oils and Fat, Boron Trifluoride method] (AOAC, 2000) was used for
determination of fatty acid profile while AOCS Official Method Ca 5a-40 (AOCS, 1997)
was used for free fatty acid content. For fatty acid methyl esters (FAME) measurement,
Supelco® 37 Component FAME Mix was used as standard [(Sigma Chemical cat. No.
CRM47885, certified reference material, TraceCERT®, in dichloromethane (varied conc.),
and an ampule of 1 mL]. These analyses were conducted in triplicate.
5.3.3.3. Crude Proteins
A LECO model FP528 (St. Joseph, MI, USA) was used to determine the total
nitrogen content of samples. Around 0.2490~0.2500 g of dried ground sample was loaded
onto LECO instrument in triplicates and the total nitrogen content generated from samples
combustion was measured (AOAC Method 990.03) (Horwitz and Latimer, 2006). Then,
the nitrogen content of the samples was used to calculate the protein percentage by using a
conversion factor of 6.25.
5.3.3.4. Amino Acid Profile
Complete amino acid analysis was determined by Agricultural Experiment Station
Chemical Laboratories at the University of Missouri-Columbia using AOAC Official
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Method 982.30 E(a,b,c), chp. 45.3.05, 2006 (AOAC, 2006a) and AOAC Official Method
988.15, chp. 45.4.04, 2006 (AOAC, 2006b). These analyses were conducted in triplicate.
5.3.3.5. Fiber Content
Fiber analysis [crude fiber (CF), neutral detergent fiber (NDF), and acid detergent
fiber (ADF)] was conducted by Agricultural Experiment Station Chemical Laboratories at
the University of Missouri-Columbia. CF was tested according to AOAC official method
978.10 2006 (AOAC, 2006d). NDF was conducted according to JAOAC v. 56, 1352-1356,
1973 (Holst, 1973), while ADF was tested using AOAC 973.18 (A-D) 2006 official method
(AOAC, 2006c). These analyses were conducted in triplicate.
5.3.3.6. Total Soluble Sugars
Sugar samples were prepared according to previously reported method by Croat et
al. (2016a). First soluble sugars were extracted by mixing one gram of dried sample with
9 mL of DI H2O. The mixture was then stored at 4 °C for 24 h. Then, supernatant acquired
by centrifugation at 10,000 ×g for 10 min, was poured into a 2 mL microcentrifuge tube
and frozen overnight. After that, samples were thawed and followed by centrifugation at
10,000 ×g for 10 min to remove any impurities. The soluble sugars in the supernatant was
quantified by HPLC system (Agilent Technologies, Santa Calara, CA, USA) equipped with
a refractive index detector (Model G1362A), and a waters size-exclusion chromatography
column (SugarPak column I with pre-column module, Waters Corporation, Milford, MA,
USA) at a flow rate of 0.5 mL/min (50 ppm EDTA in deionized water) and column
temperature of 85 °C. Sugar standards were prepared at various concentrations of
(stachyose, raffinose, glucose, galactose, galactose-mannose, and arabinose) at 99.9%
purity to build calibration curve of concentration vs. HPLC peak area as previously
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reported by Karunanithy et al. (2012). The sum of the soluble sugars was presented as total
soluble sugars. These analyses were conducted in triplicate for each sample.
5.3.3.7. Phytic Acid Content
Phytic acid content was quantified according to the Megazyme Phytic acid/Total
phosphorus kit (Megazyme, 2017). In brief, the method includes acid extraction and
enzyme treatment (phytase and alkaline phosphatase) to liberate phosphates form myoinositol phosphate. The released phosphate is then determined by a modified colorimetric
method and expressed as grams of phosphorus per 100 g of sample material. These analyses
were conducted in triplicate.
5.3.3.8. Total Glucosinolates (GLS)
GLS levels were determined according to Berhow et al. (2013), using reverse phase
HPLC to measure the intact GLS level, using a modified HPLC method developed by Betz
and Fox (1994). The meal (~3 g) was extracted with methanol in Soxhlet extractors for 24
h. The resulting methanol extracts were diluted with a small amount of water,
rotoevaporated to remove the methanol, and the resulting aqueous was then freeze-dried.
The freeze-dried extracts in 0.25 g sets of triplicates were resuspended in 1 mL of water to
which 2 mL of methanol was added to precipitate proteins and salts. The extracts were then
filtered through 0.45 µm nylon 66 filters. The extract was run on a Shimadzu (Columbia,
MD) HPLC System (two LC 20AD pumps; SIL 20A autoinjector; DGU 20As degasser;
SPD-20A UV-VIS detector; and a CBM-20A communication BUS module) running under
the Shimadzu LC solutions Version 1.25 software. The column was a C18 Inertsil reverse
phase column (250 mm × 4.6 mm; RP C-18, ODS-3, 5µ; GL Sciences, Torrance, CA). The
GLS were detected by monitoring at 237 nm. The initial mobile phase conditions were
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12% methanol/88% aqueous 0.005 M tetrabutylammonium bisulfate (TBS) at a flow rate
of 1 mL min-1. After injection of 15 µL of sample, the initial conditions were held for 2
min, and then up to 35% methanol over another 20 min, then to 50% methanol over another
20 min. then up to 100% methanol over another 10 min. Standards, prepared in this lab or
purchased, were run to determine retention times and extinction coefficients. The presence
of glucosinolates were confirmed by negative ion mode analysis on a Thermo Electron
LTQ Orbitrap Discovery Mass Spectrometer (a linear ion trap MS, coupled to a high
precision electrostatic ion trap MS) with an electrospray ionization (ESI) source, and a
Thermo Scientific ACCELA series HPLC system, all running under Thermo Scientific
Xcalibur 2.1.0.1140 LC-MS software as needed. The standards used for GLS measurement
were purchased from Extrasynthese (Genay Cedex France). This analysis was conducted
in triplicate.
5.3.3.9. Moisture and Ash Content
The moisture content of the sample was defined by hot air oven drying of ~2 g of
samples at (80 °C) for 24 h (AACC, 2010). Meanwhile, ash content was measured by
combusting 5 g of each sample at 575 °C for 7 h using Thermolyne F1730 Heat-treat oven
[serial No. 15547; Volts 230; cycles 60; phase 1] (Sluiter et al., 2005). These analyses were
conducted in triplicate.
5.3.4. Statistical Analysis
Microsoft® Excel® for Office 365 MSO 64-bit and R version 1.2.5001 (Boston,
MA) were used in the statistical analysis. The statistically significant differences among
and within group variances determined by one-way ANOVA at p ≤ 0.05 level of
significance.
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5.4. Results and Discussion
5.4.1. Oil Content and Composition
After the sprouting period, hulls were separated manually from sprouts by using
hand and gentle agitation in water. We observed that there were about 1% of the seeds that
did not germinate, and some seeds took little longer than majority of seeds to sprout,
labelled as “delayed sprouts” herein. Delayed sprouts generally retained the hulls and made
it difficult to completely remove them, resulting in two sprout fractions, 1) dehulled
sprouts; 2) mixed fraction, consisting primarily of hulls, ungerminated seeds, and delayed
sprouts. The mass distribution of dehulled sprouts, and MF was found to be 63.17% and
29.34%, respectively, whereas 8.14% was lost during the sprouting and dehulling
mechanism.
Total oil contents of raw canola seed, dehulled sprouts, and MF are shown in Table
5.1. Dehulled sprouts had significantly high level of oil as compared to raw seed meal. This
increase in oil content of the sprouts is due to removal of hulls from sprouts which led to
the concentration of oil in sprouts. Because MF consisted of ungerminated seeds and
delayed sprouts in addition to hulls, there was a significant amount of oil present (9.64%).
The short sprouting time (72 h) limited the reduction of oil content that was seen in previous
canola seed sprouting studies (Dawood et al., 2013; Bhardwaj and Hamama, 2009a; Barthet
and Daun, 2005). A study conducted by Zhang et al. (2004) on the germination and seedling
growth of canola seed under illuminated and dark environments showed that oil content
did not change up to 2 days of sprouting. In our sprouting process, oil content stayed stable
up to 3 days, which positively indicated that the hydrolysis speed of oil can be affected by
growth conditions such as temperature, light, moisture, and sprouting time.
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Sprouting, however had significant impact on the free fatty acid content of the
resulting oils. For example, oil extracted from sprouts and MF had significantly higher
levels of free fatty acid (FFA) as compared to the raw seed oil (1.02%) (Table 5.1). This
FFA increase is attributed to lipolytic enzymes causing the hydrolysis of triacylglyceride
to FFA during sprouting (Barthet and Daun, 2005). The sprout harvesting time was initiated
at 3 days of sprouting where the hulls were manually separated from sprouts. According to
Trelease and Doman (1984), lipid degradation proceeds slowly up to 2 days post
imbibition, then rapid degradation occurs from 3 to 8 days. Barthet and Daun (2005)
reported that FFA of 48 h canola sprouts was higher than raw seed, but still within the
industry guidelines (FFA <1%). Thus, early harvesting sprout (1~2 days) where the activity
of lipolytic enzymes is still low would be effective with little change in the nutritional
composition. Alternatively, high FFA containing oil could either be processed to remove
FFA prior to its use in food application or could also be used for other industrial
applications such as energy source in animal diets, and biodiesel production (NCBI, 2022;
Plascencia et al., 1999; Haas, 2005).
The effect of sprouting process on the oil profile is shown in Table 5.1. Total
saturated fatty acid (SFA) of sprout oil decreased by 1.9% compared to raw seed oil. Fatty
acid (C14:0) 0.07%, (C20:0) 0.66%, (C22:0) 0.44%, (C23:0) 0.01%, (C24:0) 0.23% in
sprout oil were slightly higher than raw seed oil 0.06, 0.65, 0.36, 0.00 and 0.19%,
respectively. Fatty acid (C16:0) 4.38% and (C18:0) 1.68% in sprout oil were lower
compared to raw seed oil 4.54 and 1.82%, respectively. In terms of monosaturated fatty
acid, sprout oil increased by 0.47% compared to raw seed oil. Sprout oil showed a slight
increase in elaidic acid (C18:1n9t) 0.03%, oleic acid (C18:1) 58.50%, and gondoic acid
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(C20:1n9) 1.12% compared to raw seed oil 0.02, 57.22 and 1.07%, successively. A
reduction was noticed in (C16:1n7) 0.26%, nervonic acid (C24:1n9) 0.08%, cis-vaccenic
acid (C18:1n7c) 2.55% compared to raw seed oil 0.28, 0.08 and 2.55%, respectively.
Regarding total polyunsaturated fatty acid, sprout oil exhibited 4.4% increase compared to
raw seed oil. Fatty acid (C22:2n6) 0.03%, linoleic acid (C18:2n6) 20.27%, (C20:3n3)
0.01%, arachidonic acid (C20:4n6) 0.04%, EPA (C20:5n3) 0.03% a-linolenic acid
(C18:3n3) were marginally higher than raw seed oil 0.01, 19.27, 0.00%, 0.03, 0.00 and
7.47%, consecutively. The three-day sprouting process did not have a major effect on the
oil profile. The slight reduction in SFA accompanied by an slight increase in unsaturated
fatty acids is attributed to the chemical dehydrogenation reactions that successively alters
saturated fatty acid into unsaturated fatty acid with the same number of carbons during
sprouting, [for example, Stearic acid (C18:0) → oleic acid (C:18:1) → linoleic acid (C18:2)
→ linolenic acid (C18:3)] (Assa et al., 2010). Our results were in contradiction with
Dawood et al. (2013) who reported increases in saturated fatty acids (3 folds increase) and
decreases in unsaturated fatty acid (12.5%) of canola seed (low erucic acid variety) after
soaking and sprouting. According to Barthet and Daun (2005), there is no difference in
fatty acid composition of oil extracted from canola sprouts grown on wet paper towels for
48 h as compared to raw seed. This indicates that an optimal sprouting process can limit
the degradation of oil constituents.
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Table 5.1: Oil analysis of canola seed, sprout, and mixed fractions
Oil Analysis

Seed fractions
Seed oil

Sprout oil
B

A

MF oil

Oil content of meal (%, db)
34.50±0.16
38.43±0.16
9.64±0.05C
Free Fatty Acid (%, as is)
1.02±0.07C
17.85±0.15A
13.09±0.13B
Oil profile (%)
Fat > 98.5
Fat > 98.5
Fat > 98.5
C14:0
0.06±0.00A
0.07±0.00A
0.08±0.01A
C15:0
0.03±0.01B
0.03±0.00B
0.05±0.00A
C16:0
4.54±0.14B
4.38±0.02B
5.33±0.16A
C17:0
0.05±0.01AB
0.05±0.00B
0.06±0.00A
C18:0
1.82±0.05B
1.68±0.02C
1.93±0.02A
C20:0
0.65±0.02A
0.66±0.01A
0.65±0.01A
C21:0
0.05±0.01A
0.05±0.00A
0.03±0.00B
C22:0
0.36±0.01B
0.44±0.00A
0.39±0.01AB
C23:0
0.00±0.00A
0.01±0.00A
0.01±0.00A
C24:0
0.19±0.01A
0.23±0.01A
0.23±0.01A
Total SFA
7.75±0.23
7.6±0.15
8.76±0.17
B
B
C16:1n7
0.28±0.01
0.26±0.00
0.54±0.02A
C17:1n7
0.06±0.00
0.06±0.00
0.06±0.00
B
AB
Elaidic acid [C18:1n9t]
0.02±0.00
0.03±0.00
0.04±0.00A
Oleic acid [C18:1]
57.22±1.83A
58.50±0.21A
52.96±0.70B
Cis-vaccenic acid [C18:1n7c]
3.51±0.12B
2.55±0.19C
5.73±0.12A
Gondoic acid [C20:1n9
1.07±0.03A
1.12±0.01A
0.98±0.01B
Nervonic acid [C24:1n9]
0.15±0.01A
0.08±0.10A
0.13±0.09A
Erucic acid [C22:1n9]
0.02±0.00
0.02±0.00
0.02±0.00
Total MUSFA
62.33±1.98
62.62±0.14
60.46±0.71
A
A
C20:2
0.08±0.01
0.08±0.00
0.08±0.00A
C22:2n6
0.01±0.01A
0.03±0.00A
0.03±0.00A
Linoleic [C18:2n6]
19.91±0.64B
20.27±0.01AB
21.39±0.26A
g-Linolenic [C18:3n6]
0.04±0.00
0.04±0.00
0.04±0.00
B
A
a-Linolenic [C18:3n3]
7.47±0.25
8.25±0.01
6.90±0.07C
C20:3n3
0.00±0.00A
0.01±0.00A
0.01±0.00A
Arachidonic [C20:4n6]
0.03±0.00A
0.04±0.00A
0.04±0.00A
EPA [C20:5n3]
0.00±0.00A
0.03±0.00A
0.03±0.00A
Total PUFA
27.54±0.88
28.75±0.01
28.52±0.33
Letters indicate a significant difference among different fractions at p≤0.05. Measurement for
(C14:1n5), (C15:1n5), (Linoelaidic [C18:2n6t]), (Stearidonic [C18:4n3]), (Homo-g-linolenic
[C20:3n6]), (C20:4n3), (C21:5n3), (Clupanodonic [C22:5n3]), (DHA [C22:6n3]) were zero for all
seed fractions. MF: mixed fractions (hulls+ungerminated seed+delayed sprouts); SFA: saturated
fatty acid; MUSFA: monounsaturated fatty acid; PUFA: polyunsaturated fatty acid.
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5.4.2. Protein Content and Amino Acid Profile
The sprouting and dehulling process generated two fractions: 1) sprouts (~0.63
sprouts/g seeds), and 2) MF (~0.3 MF/g seeds). Protein content as measured prior to
defatting showed that sprouting led to an increase in protein content of the canola seeds by
10.1% when compared to raw full fat seed (FFSE) (Figure 5.3). Full fat MF (FFMF) also
had significant amount of protein present (21.46%, db); however, protein content was
lower than that of FFSE and FFSP as bulk of this fraction was primarily hull (Figure 5.1).
As expected, protein content of all three substrates further increased upon oil removal. Two
possible reasons for this could be the emission of non-protein nutrients as carbon dioxide
due to carbohydrate metabolization, or concentration effects of dehulling (removal of
protein poor hull fraction). These protein measurements are consistent with previously
reported increases in protein levels in canola sprouts (Barthet and Daun, 2005), and
germinated and dehulled rice (Moongngarm and Saetung, 2010).
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Figure 5.3: Total crude protein of full fat and defatted canola seed, sprouts, and hull fraction.
Uppercase letters: comparison of significance difference between the full fat and
defatted fractions (FFSE vs DFSE; FFSP vs DFSP, FFMF vs DFMF) at p≤0.05.
Lowercase letters: comparison of significance difference among full fat fractions
(FFSE, FFSP and FFMF) and defatted fractions (DFSE, DFSP, and DFMF) at p≤0.05.
FFSE: full fat seeds; FFSP: full fat sprouts; FFMF: full fat mixed fractions; DFSE:
defatted seed; DFSP: defatted sprouts; DFMF: defatted mixed fractions.

Amino acid profiles of DFSE and DFSP revealed that sprouting led to an increase
in total amino acids of canola meal by 5.9% when compared to DFSE (Table 5.2).
Interestingly, all essential amino acid of DFSP (Threonine, valine, methionine, isoleucine,
leucine, phenylalanine, lysine, and histidine) increased by 13.9, 22.2, 2.9, 17.4, 14.5, 16.4,
12.7 and 10.4%, respectively compared to DFSE, except for tryptophan that was constant.
Likewise, other DFSP amino acids (Taurine, aspartic acid, serine, alanine, tyrosine,
ornithine) exhibited an increase by 10.0, 23.6, 10.8, 27.5, 22.4 and 50.0%, respectively
while hydroxylysine was 0.44% compared to DFSE (0.07%). However, DFSP showed a
reduction in hydroxyproline, glutamic acid, proline, lanthionine, glycine, cysteine, and
arginine by 12.5, 15.6, 9.4, 63.6, 2.9, 30.0 and 5.1%, respectively compared to DFSE.
During sprouting process, DI water was the only supplement for sprout growth, thus the
absence of external nitrogen source during sprouting likely resulted in the breakdown of
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reserve proteins for the interconversion and utilization of amino acids (Boulter and Barber,
1963). Therefore, the noticed reduction and increase of amino acids can be attributed to the
biosynthesis of new amino acids during sprouting. These results showed the positive effect
of canola seed sprouting on total amino acid composition, especially the essential amino
acids that cannot be synthesized in the human body (Akram et al., 2011). Similar results
were obtained by Chiou et al. (1997) who reported an increase in the total free amino acid
of peanut kernels with sprouting time. Wang et al. (2005a) reported that sprouting of peanut
kernels for 9 days resulted in a significant increase in total free amino acids. Hung et al.
(2012) reported an increase in the total free amino acid of 48 h‐germinated wheat compared
to ungerminated wheat.
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Table 5.2: Amino acid profile of defatted canola seed and sprouts (%, dry basis)
Amino Acid profile
Taurine a
Hydroxyproline
Aspartic Acid
Threonine b
Serine
Glutamic Acid
Proline
Lanthionine a
Glycine
Alanine
Cysteine
Valine b
Methionine b
Isoleucine b
Leucine b
Tyrosine
Phenylalanine b
Hydroxylysine
Ornithine a
Lysine#
Histidine b
Arginine
Tryptophan b
Total

DFSE

DFSP

0.10±0.02A
0.32±0.04A
2.33±0.01B
1.44±0.01B
1.20±0.01B
5.70±0.05A
2.02±0.04A
0.11±0.01A
1.71±0.01A
1.49±0.01B
0.89±0.00 A
1.80±0.01B
0.70±0.01A
1.44±0.01B
2.35±0.02B
0.98±0.01B
1.40±0.01B
0.07±0.00B
0.02±0.00B
2.13±0.01B
0.96±0.01B
2.17±0.02A
0.42±0.02A
31.76±0.10B

0.11±0.01A
0.28±0.02A
2.88±0.02A
1.64±0.03A
1.33±0.07A
4.81±0.07B
1.83±0.03B
0.04±0.01B
1.66±0.01B
1.90±0.02A
0.62±0.00B
2.20±0.02A
0.72±0.01A
1.69±0.02A
2.69±0.02A
1.20±0.01A
1.63±0.01A
0.44±0.01A
0.03±0.00A
2.40±0.02A
1.06±0.00A
2.06±0.01B
0.42±0.01A
33.65±0.20A

Uppercase letters indicate a significant difference among different fractions
at p≤0.05. a Non-proteinogenic amino acid; b Essential amino acids for
humans. DFSE: defatted seed; DFSP: defatted sprouts

5.4.3. Fiber Content and Ash Content
Crude fiber (CF), acid detergent fiber (ADF), and neutral detergent fiber (NDF) of
FFSE, DFSE, FFSP, DFSP, FFMF and DFMF are presented in Table 5.3. All sprout hulls
removed at the end of sprouting process was present in the MF, hence MF reflects the high
value of CF, ADF, and NDF before and after defatting. Separation of hulls from sprouts
was done by skimming the surface floating hulls after dumping grown sprouts into a water
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filled bucket without applying any mechanical agitation, which resulted in the presence of
residual number of hulls in the sprouts. Even though FFSP and DFSP contained some
residual hulls, they showed a high reduction in CF, ADF, and NDF compared to FFSE and
DFSE. FFSP had lower CF, ADF, and NDF by 56.3, 59.5 and 56.7%, respectively
compared to FFSE. Similarly, DFSP had less CF, ADF, and NDF by 46.2, 34.3 and 43.4%,
successively compared to DFSE. The sprouting of canola seed enabled the removal of hulls
to a great extent. However, applying mechanical agitation or separator is required to further
purify sprouts from hulls, thereby providing sprout meal containing low level of fiber. Our
previous study (Alhomodi et al., 2021c) showed that CF, ADF, and NDF decreased with
sprouting time, which indicates that CF, ADF, and NDF of FFSP and DFSP in this study
were due to the presence of hulls. This is in a good agreement with Ongol et al. (2013) who
noticed 25 and 23% fiber reduction in two germinated maize varieties (Zm 607 and Tamira
pool A9) for 72 h, respectively.
In terms of ash content (Table 5.3), a marginal reduction in FFSP (3.70%) and
DFSP (5.47%) was noticed compared to FFSE (3.78%) and DFSE (5.55%). FFMF (3.62%)
and DFMF (5.23%) had slight further decrease compared to other fractions. This slight
reduction compared to raw seed can be attributed to mineral infiltration during imbibition
and sprouting (Ghavidel and Prakash, 2007). Similar ash reduction was previously reported
in germinated green gram, cowpea, lentil, chickpea (Ghavidel and Prakash, 2007) and
barley (Youssef et al., 2013).
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Table 5.3: Fiber and ash content of full fat and defatted canola seed, sprout, and hull
Fiber (%, dry basis)
CF
ADF
NDF
a/B
b/B
b/B
FFSE
3.78±0.11
12.09±0.13
18.69±0.67
21.85±0.86b/B
FFSP
3.70±0.03a/B
5.28±0.05c/B
7.57±0.13c/B
9.46±0.08c/B
a/B
a/B
a/B
FFMF
3.62±0.07
16.23±0.08
27.67±0.30
30.81±0.23a/B
DFSE
5.55±0.04a/A
15.13±0.15b/A
23.35±0.29b/A 29.63±1.86b/A
DFSP
5.47±0.02a/A
8.14±0.11c/A
15.35±0.88c/A 16.78±0.24c/A
DFMF
5.23±0.09b/A
25.30±0.16a/A
42.75±0.15a/A 47.57±1.18a/A
Uppercase letters indicate a significance between full fat and defatted within fraction. Lowercase
letters indicate a significance among fractions for each full fat and defatted. CF: crude fiber;
ADF: acid detergent fiber; NDF: neutral detergent fiber; FFSE: full fat seed; DFSE: defatted
seed; FFSP: full fat sprout; DFSP: defatted sprout; FFMF: full fat hulls, ungerminated seed, and
delayed sprouts; DFMF: defatted hull, ungerminated seed and delayed sprouts.
Fraction

Ash

5.4.4. Phytic Acid Content
Phytic acid content of FFSP and DFSP decreased by 28.8 and 25.9% compared to
FFSE and DESE, respectively (Figure 5.4). FFMF (0.89 g/100 g) and DFMF (1.32 g/100
g) showed lower phytic content compared to other fractions (sprouts and seed). Phytic acid
was reduced during sprouting owing to increasing of phytase activity (Centeno et al., 2001;
Larsson and Sandberg, 1992). Similarly, phytic acid reduction was reported in germinated
rice (Moongngarm and Saetung, 2010), green gram, cowpea, lentil, chickpea (Ghavidel
and Prakash, 2007) and oat seed (Tian et al., 2010).
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Figure 5.4: Phytic acid content of full fat and defatted canola seed, sprout, and hull fractions.
Uppercase letters: comparison of significance difference between the full fat and
defatted fractions (FFSE vs DFSE; FFSP vs DFSP, FFMF vs DFMF) at p≤0.05.
Lowercase letters: comparison of significance difference among full fat fractions
(FFSE, FFSP and FFMF) and defatted fractions (DFSE, DFSP, and DFMF) at p≤0.05.
FFSE: full fat seeds; FFSP: full fat sprouts; FFMF: full fat mixed fractions; DFSE:
defatted seed; DFSP: defatted sprouts; DFMF: defatted mixed fractions.

5.4.5. Total Soluble Sugars
Total soluble sugars (stachyose, raffinose, arabinose, galactose-mannose, and
glucose) of FFSE, DFSE, FFSP, DFSP, FFMF, DFMF are shown in Figure 5.5. FFSP and
DFSP had lower soluble sugar content by 27.5 and 5.5% compared to FFSE and DFSE,
respectively. This soluble sugar reduction can be attributed to the leakage of soluble sugar
during imbibition (Nonogaki et al., 2010) or the utilization of sugars as carbon source
during sprouting (Abrahamsen and Sudia, 1966). The amount of soluble sugar present in
FFMF and DFMF came from the ungerminated seeds and delayed sprouts that was added
to hull fractions. Mubarak (2005) reported total carbohydrate reduction in dehulled, soaked
and germinated mung bean seed. Parameswaran and Sadasivam (1994) reported a decrease
in total soluble sugar during the sprouting of proso millet (Panicum miliaceum).
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Figure 5.5: Total soluble sugar content of full fat and defatted canola seed, sprout, and hull
fractions. Uppercase letters: comparison of significance difference between the full
fat and defatted fractions (FFSE vs DFSE; FFSP vs DFSP, FFMF vs DFMF) at
p≤0.05. Lowercase letters: comparison of significance difference among full fat
fractions (FFSE, FFSP and FFMF) and defatted fractions (DFSE, DFSP, and DFMF)
at p≤0.05. FFSE: full fat seeds; FFSP: full fat sprouts; FFMF: full fat mixed fractions;
DFSE: defatted seed; DFSP: defatted sprouts; DFMF: defatted mixed fractions.

5.4.6. Total Glucosinolates (GLS)
Figure 5.6 shows the total glucosinolates, which is the sum of progotrin,
gluconapolieferin,

gluconapin,

hydroxyglucobrassicin,

glucobrassicanapin,

and

gluconasturtiin. Total GLS level in FFSP (11.8 µmol/g) and DFSP (13.1 µmol/g) was
higher than FFSE (10.1 µmol/g) and DFSE (8.8 µmol/g), respectively. FFMF (5.0 µmol/g)
and DFMF (5.5 µmol/g) showed lower GLS content compared to other fractions due to the
combination of ungerminated seed and delayed sprouts. The GLS increase in sprouts can
be as a result of the biosynthesis of GLS during sprouting beside concentration effects due
to the removal of hulls. It is important to note that though sprouting increased the GLS,
increase was insignificant as it was lower than the GLS limit set for canola meal (30
µmol/g)(CCC, 2019). Andini et al. (2019) reported that biosynthesis of GLS was induced
in three plant species (Brassuca napus, and B. juncea and Sinapis alba) by sprouting.
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Another study by Bellostas et al. (2007) showed an increase in the total GLS concentration
of red cabbage from germination to 4 day sprouting time. Overall, our results indicate that
applicability of the proposed process would largely be governed by the end use of the
product. For example, sprouting followed by dehulling greatly influenced the reduction of
major ANFs like fibers and phytic acid, but simultaneously increased the GLS content.
While low fiber meal is anticipated to have wider industrial applications, but depending on
its end use, GLS may have to be either further reduced by the fermentation for animal feed
(Alhomodi et al., 2021c; Alhomodi et al., 2021b) or extracted and used in therapeutic
applications (Melrose, 2019).
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Figure 5.6: Total glucosinolate content of full fat and defatted canola seed, sprout, and hull
fractions. Uppercase letters: comparison of significance difference between the full
fat and defatted fractions (FFSE vs DFSE; FFSP vs DFSP, FFMF vs DFMF) at
p≤0.05. Lowercase letters: comparison of significance difference among full fat
fractions (FFSE, FFSP and FFMF) and defatted fractions (DFSE, DFSP, and DFMF)
at p≤0.05. FFSE: full fat seeds; FFSP: full fat sprouts; FFMF: full fat mixed fractions;
DFSE: defatted seed; DFSP: defatted sprouts; DFMF: defatted mixed fractions.
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5.5. Conclusion
The present study shows that sprouting and hull removal of canola seed can
potentially provide nutritive meal for food and feed applications. Oil was not affected
significantly during 3-day sprouting, but oil quality in terms of free fatty acid content was
high. Some challenges experienced while conducting this experiment were (i) delay in
some seed to germinate, (ii) manually separating the hull from the kernels before 3-day
sprouting time. Thus, for intact sprout oil profile and meal with low fiber content, we
propose that further study should consider, (i) selecting good quality canola seed with high
viability; (ii) optimizing sprouting time; (iii) applying mechanical hull separation; (iv)
ensuring optimal growth conditions.
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Chapter 6. Application of Cocultures of Fungal Mycelium During Solid-State
Fermentation of Canola Meal for Potential Feed Application Ϯ
Ϯ

This chapter was published on Journal of the American Oil Chemists’ Society with minor edits, and the
journal approval was granted to publish the work in this dissertation. Citation information: Alhomodi, et al.
(2021). Application of Cocultures of Fungal Mycelium during Solid‐State Fermentation of Canola Meal for
Potential Feed Application. Journal of the American Oil Chemists' Society, 98, 509-517. DOI:
https://doi.org/10.1002/aocs.12479

6.1. Abstract
In this study, the mono-, bi-, and tri-cultivation of Aureobasidium pullulans,
Neurospora crassa and Trichoderma reesei in solid state fermentation were applied to
improve the nutritional values of hexane extracted canola meal (HECM) along with the
reduction of antinutritional factors for animal feed applications. Static fermentation trials
of 50% moisture content HECM were conducted in 500 mL Erlenmeyer flasks for 168 h
at 30 °C. The results showed that fungal cultivation had positive effects on the level of
protein, fiber and, glucosinolates (GLS). Monoculture of N. crassa exhibited the highest
protein level of 49%. The combination of A. pullulans and N. crassa provided the highest
reduction of crude fiber (CF), acid detergent fiber (ADF) and neutral detergent fiber (NDF)
by 21.9, 1.7 and 9.1%, respectively. Bi-culture of A. pullulans and T. reesei resulted in the
best GLS reduction by 81.3% (0.3 vs 1.6 µmol g-1 GLS of uninoculated control). These
results indicate that each fungal strain possess different enzymatic ability and selectively
can work with other fungi in synergistic relationship for better fungal conversion of canola
meal.

116
6.2. Introduction
Solid-state fermentation (SSF) is generally termed when microorganisms are grown
on solid substrates at low moisture content (Lonsane et al., 1985). SSF, however, requires
the adequate moisture to enhance microbial growth and metabolic activity (Thomas et al.,
2013). Many industrial products such as pigments, organic acids, biopolymers, enzymes
and biosurfactants were developed by applying SSF techniques (Thomas et al., 2013).
Fungal SSF is considered to be highly efficient as it simulates the natural environment for
fungi (Couto and Sanromán, 2006) and therefore fungal mycelia can penetrate and grow
on the solid substrates (Ramachandran et al., 2004). SSF also reduces the potential of
bacterial contamination because of low moisture content (Pandey et al., 2000; Singhania et
al., 2009). Commercially, SSF costs less and requires smaller incubation vessels in contrast
to submerged bioprocessing methods (Smits et al., 1993). However, controlling the
temperature, moisture, and pH in SSF is a major drawback (Hölker et al., 2004).
In a natural environment, many bioconversions are mediated by mixed microbial
cultures (Chen, 2011), for example in forest soils, compost piles, and in the aerobic and
anaerobic zones of water (Bader et al., 2010). Mixed microbial cultures have been used
successfully in commercial scale, fermentations such as in wastewater treatment plants, for
soil remediation, in biogas production, and in the production of traditional foods such as
cheese, yoghurt, pickles and in alcoholic beverage production (Bader et al., 2010;
Taniguchi and Tanaka, 2004). Khetarpaul and Chauhan (1990b) observed a significant
increase in protein and starch digestibility of fermented pearl millet sprouts after coculturing with yeast and bacteria. Santos et al. (2014a) noticed that strains used in peanut-
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soy milk fermentation were more efficient in the use of available carbohydrates and release
of metabolites in co-cultured fermentations as compared to single cultured fermentations.
SSF has previously been reported to be used successfully for converting agricultural
by-products into higher value products. Substrates used for fungal fermentations and
resulted in upgraded nutritional profiles include soybean meal, wheat straw, food waste,
industrial wastewater (Pensupa et al., 2013) and canola meal (Croat et al., 2016a; Croat et
al., 2016b; Croat et al., 2017).
Canola meal (CM) is a by-product of canola seed oil extraction and contains up to
50% protein on a dry basis (Kimber and McGregor, 1995). CM despite being nutrient
enriched commodity (Mariscal-Landín and de Souza, 2008), it remains as one of the most
underutilized by-products of the oil processing industry. Only a fraction of produced CM
goes into animal feeds (Montoya and Leterme, 2010) as presence of antinutrients such as
phenolics, glucosinolates (GLS), phytates, and high fiber content makes this product
undesirable (Wu and Muir, 2008; Yoshie-Stark et al., 2008). Research on additional
processing and modification of CM has been ongoing. For example, Croat et al.,
(2016a;2016b; 2017) used combined effect of pretreatment technologies and fungal
mechanism to enhance CM composition with low level of ANFs and high level of proteins.
Fungal enzymes aid in degrading antinutritional factors and fibers and usually increase
protein content. However, high fiber content in CM is still a challenge and further
investigation is required to widen its utilization.
Based on insights from commercial and natural systems, we examined the potential
of applying co-culture fungal incubation to determine effects on the measurable nutritional
value of CM. Fungi and yeast have been regarded as the most appropriate microorganisms
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for SSF due to their lower water activity requirement (Thomas et al., 2013). In this study,
three fungal strains were evaluated in SSF systems: 1) xylan-degrading fungus
Aureobasidium pullulans (Y-2311-1) (Chi et al., 2009), 2) lignocellulose-degrading fungus
Neurospora crassa, (Znameroski et al., 2012), and 3) cellulolytic-degrading fungus
Trichoderma reesei (Wen et al., 2005). The objectives of the study were: a) to determine
if the fungal strains can be grown synergistically on the CM; b) to determine the best
combination of fungal strains to achieve full potential of SSF; c) to determine the
composition of CM in terms of crude proteins, crude fiber (CF), acid detergent fiber (ADF)
neutral detergent fiber (NDF), GLS, phytic acid and total soluble sugars.
6.3. Materials and Methods
6.3.1. Preparation of Feedstocks
Hexane-extracted canola meal (HECM) was obtained from ADM/Specialty
Commodities LLC (Fargo, ND). HECM was ground using a coffee grinder prior to use and
then stored in sealed buckets at room temperature (~23 °C) throughout the trial period. Dry
weight analysis of HECM was conducted by drying ~2 g of ground meal in triplicate at 80
°C for 48 h using a drying oven.
6.3.2. Preparation of Inoculum for Single and Co-culture Fermentation
Three different fungi Aureobasidium pullulans (NRRL-Y-2311-1), Trichoderma
reesei (NRRL-3653), Neurospora crassa were acquired from the National Center for
Agricultural Utilization Research (Peoria, IL). The potato dextrose agar (PDA) stock
culture of each fungal strain was stored in the refrigerator and sub-cultured monthly. The
inoculum of each fungus was prepared by transferring 8 mm plug of 5-day fungal colony
grown on PDA into autoclaved 250 mL Erlenmeyer flasks containing 100 mL working
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volume of a glucose yeast extract (GYE) medium consisting of 5% glucose and 0.5% yeast
extract with pH of 5.5. The flasks were then incubated for 48 h at 30 °C in rotary shaker at
150 rpm.
6.3.3. Examination of Interactions among Used Fungi in Co-culture Systems
Dual interactions of all possible combination of used fungal species were tested on
PDA media to screen for antagonism. A PDA plate was divided into two, and a three 8mm disc of actively growing mycelium for each fungus was place into each half, while a
single cell fungus (A. pullulans) was swapped instead. Plates were then sealed with
parafilm and incubated for 7 days at 30 °C. The morphological growth pattern of these
fungal strains on the PDA plates were observed daily.
6.3.4. Preparation of Solid-State Media
SSF was conducted in 500 mL Erlenmeyer flasks with a working volume of 80 mL.
The solid loading rate (SLR) of 50% dry weight of HECM and 50% moisture was used
during SSF. The pH was adjusted to 5.5±1.0 with 5 M sulfuric acid. Flasks were then
covered with foam plugs and aluminum foil and were autoclaved at 121 °C for 20 min.
6.3.5. Single Culture Fermentations
Prepared flasks (6) of HECM were inoculated with 4 mL of a 48-h culture of A.
pullulans of which three flasks were withdrawn immediately for 0 h sample processing,
whereas remaining three inoculated flasks were incubated statically at 30 °C for 168 h.
These incubation conditions were chosen based on the previous study on canola meal
fermentation by Croat et al., (2016a). Daily fungal colonization was monitored visual
observation to determine any potential contamination as well as to ensure fungal growth
during the incubation process. The pH of 0 h and 168 h of fermented and unfermented
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control flasks were recorded, and the solid residues were collected and then dried for
residual sugar, crude protein, CF, ADF, NDF, phytic acid and GLS analyses. The exact
process as described was also used with N. crassa and T. reesei inocula. Control
(uninoculated) trials were also conducted in triplicate using the same process but without
inoculation.
6.3.6. Co-culture Fermentations
Flasks for coculturing were prepared according to the method described in the
section 2.3. Prepared flasks of HECM were inoculated in triplicate with four combination
of fungi (1) A. pullulans+ T. reesei (2) A. pullulans+ N. crassa, (3) T. reesei+ N. crassa
(4) A. pullulans+ N. crassa+ T. reesei). For the combination 1 to 3, 4 mL of inoculum
containing 2 mL each of 48-h culture of respective fungal strain was used. Whereas for the
combination 4, total of 6 mL inoculum containing 2 mL each of 48 h culture of A. pullulans,
N. crassa, and T. reesei was used. Flasks were subsequently incubated statically at 30 °C
for 168 h, and three 0 h replicates for each fungus were collected. Thereafter, all flasks
treated as mentioned before for analysis.
6.3.7. Crude Protein Content Determination
A LECO model FP528 (St. Joseph, MI, USA) was used for protein analysis.
Approximately 0.2 g of dried and finely ground samples was uploaded onto a machine and
the total nitrogen gas level emerged after samples were combusted was measured (AOAC
Method 990.03) (Horwitz and Latimer, 2006). A conversion factor of 6.25 was used to
calculate the protein percentage from the nitrogen content of the samples. Moisture content
of the sample was adjusted to determine the protein on dry weight basis. All the analysis
on proteins were duplicated.
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6.3.8. Total Glucosinolate (GLS) Analysis
GLS content of different samples were measured by HPLC according to the method
of (Berhow et al., 2013) using a modified method developed by Betz and Fox (1994). The
extract was run on a Shimadzu (Columbia, MD) HPLC System (two LC 20AD pumps; SIL
20A autoinjector; DGU 20As degasser; SPD-20A UV-VIS detector; and a CBM-20A
communication BUS module) running under the Shimadzu LC solutions Version 1.25
software. The column was a C18 Inertsil reverse phase column (250.0 mm X 4.6 mm; RP
C-18, ODS-3, 5u; GL Sciences, Torrance, CA). The GLS were detected by monitoring at
237 nm. The initial mobile phase conditions were 12% methanol/88% aqueous 0.005 M
tetrabutylammonium bisulfate (TBS) at a flow rate of 1 mL.min-1. After injection of 15 µl
of sample, the initial conditions were held for 2 min, and then up to 35% methanol over
another 20 min, then to 50% methanol over another 20 min. then up to 100% methanol
over another 10 min. Standards, prepared in this lab or purchased, were run to determine
retention times and extinction coefficients. The presence of glucosinolates were confirmed
as needed by negative ion mode analysis on an Thermo Electron LTQ Oribitrap Discovery
Mass Spectrometer (a linear ion trap MS, coupled to a high precision electrostatic ion trap
MS) with an electrospray ionization (ESI) source, and a Thermo Scientific ACCELA series
HPLC system, all running under Thermo Scientific Xcalibur 2.1.0.1140 LC-MS software.
6.3.9. Phytic Acid Analysis
Phytic acid was determined according to the Megazyme Phytic acid/Total
phosphorus kit (Megazyme, 2017). One-gram sample was mixed with 20 mL HCl of 0.66
M concentration in a 50 mL glass container. Flasks were covered with foil and stirred
vigorously in a shaker (SCILOGEX MS-M-S10) for overnight at room temperature (~22
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°C). One mL of the extract was transferred into a 1.5 mL microtube and centrifuged at
13,000 rpm for 10 min. 0.5 mL of the extract supernatant was transferred to a new tube and
neutralized with 0.5 mL of (0.75 M) NaOH. A control was run using oat flour powder as a
substrate. The kit comes with prepared phytase and alkaline phosphatase along with the
buffers for the reaction. The reaction was conducted at 40 ℃ with phytase for 10 min and
alkaline phosphatase for 15 min. The enzyme reaction was stopped by the addition of
trichloroacetic acid 50% w/v. Phosphorus was quantified using a colorimetric
determination using ascorbic acid/sulfuric acid and ammonium molybdate mixed in a 5:1
ratio to create the color reagent. One ml of the sample was mixed with the color reagent
and incubated for 1 hour at 40 ℃. Reactions were read on a microplate reader at 655 nm.
6.3.10. Fiber
Fiber analysis [crude fiber (CF), neutral detergent fiber (NDF), and acid detergent
fiber (ADF)] was conducted by Agricultural Experiment Station Chemical Laboratories at
the University of Missouri-Columbia. CF was tested according to AOAC official method
978.10 2006. NDF was conducted according to JAOAC v. 56, 1352-1356, 1973, while
ADF was tested using AOAC 973.18 (A-D) 2006 official method.
6.3.11. Total Soluble Sugar Analysis
Total soluble sugars of hexane extracted meal before and after fermentation were
determined based on method illustrated by (Croat et al., 2016a). One g of dried sample was
blended with 9 mL of deionized water and stored at 4 °C for 24 h. Thereafter, supernatant
was obtained by centrifugation at 10,000 rpm for 10 min, then poured into a 2-mL
microcentrifuge tube and frozen overnight. Next, samples were thawed and followed by
centrifugation at 10,000 rpm for 10 min to eliminate any impurities. Supernatant was
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filtered into a high-performance liquid chromatography (HPLC) vial using a 0.22-μm filter
attached to a syringe. A HPLC system (Agilent Technologies, Santa Calara, CA, USA)
equipped with a refractive index detector (Model G1362A) and a waters size-exclusion
chromatography column (SugarPak column I with pre-column module, Waters
Corporation, Milford, MA, USA) was used (mobile phase [50 ppm EDTA in deionized
water], flow rate of 0.5 mL/min, column temperature of 85 °C). Sugar standards of
stachyose, raffinose, glucose, galactose, galactose-mannose, and arabinose were prepared
at various concentration to set up calibration curve of concentration vs. HPLC area as
previously described by (Karunanithy et al., 2012).
6.3.12. Statistical Analysis
The effect of single and co-culture fermentation on total protein content, crude
fiber, ADF, NDF, total GLS, total soluble sugars, phytic acid level were analyzed using a
combination of Microsoft® Excel® and R version 1.2.5001. The differences between the
means were analyzed using one-way ANOVA and considered significant when p ≤ 0.05.
Results were expressed as means with standard deviation.
6.4. Results and Discussion
6.4.1. Crude Protein Content of Fermented HECM
Figure 6.1 presents the results of the analysis for the protein levels of raw HECM,
uninoculated control, and fermented HECM (mono-, bi-, and tri- fungal inoculum
combinations). The protein content of the HECM increased significantly from 42.1 to
44.5% after autoclaving and incubation for 168 h (Figure 6.1). Among three fungal strains
used during monoculture fermentation, N. crassa showed the highest protein levels at
(49.9%) followed by A. pullulans and T. reesei with respective protein levels of 47.4 and
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44.7%. These results were in contrast to the results of Croat et al. (2016a) who reported
23% increase in protein content of T. reesei fermented HECM. This difference can be
attributed in part to the different properties of the substrates used in these studies such as
proximate composition, agronomic differences, particle size, water holding capacity, and
available surface area. It has been shown that the levels of hemicellulases and cellulases in
the fungal cultures are inducible and influenced by the nature of the substrate used in the
fermentation (Xiros et al., 2008). The researchers elucidated the differences among the
studied fungi in terms of enzyme production and subsequent modified protein levels. The
results of co-culture fermentation using bi-and tri-fungal inoculums showed no further
improvement in the protein levels of HECM as compared to monoculture fermented
HECM (Figure 6.1). Bi-fungal inoculum containing A. pullulans and N. crassa was found
to be the best combination to produce the highest protein level of 49.6%. T. reesei in
combination with A. pullulans and/or N. crassa did not yield higher protein levels. Overall,
however, the total protein levels in monocultured N. crassa, bi-cultured A. pullulans + N.
crassa, and tri-cultured A. pullulans + N. crassa + T. reesei treatments increased
significantly (p≤0.05) by 18.5, 17.8 and 10.7%, respectively when compared to
unfermented HECM. In dual culture fermentation, these results indicated that N. crassa
consistently performed well individually and in combination with other strains. T. reesei
cultures produced the lowest protein level irrespective of mono-or co-culture conditions.
For example, the protein level dropped by 4.8 and 4.9%, respectively for N. crassa and A.
pullulans when they were combined with T. reesei. Unlike A. pullulans and N. crassa, the
loss of dry matter was low with individual inoculation of T. reesei. The complete
degradation of biomass requires the complementary interactions of different enzymes.
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Lack of a critical enzymes could substantially slow down the hydrolysis process, resulting
in the low biomass production. Therefore, co-cultivation of fungi is often used as an
effective approach to solve enzyme deficiency problems (Ahamad and Vermette, 2008).
Trichoderma derived cellulases are usually deficient in β-glucosidase (Wen et al., 2005),
while N. crassa have high β-glucosidase activity (Macris et al., 1989), and A. pullulans are
known to be high in xylanases (Ohta et al., 2010), cellulases (Leite et al., 2007), and
proteases (Chi et al., 2007). Therefore, when T. reesei was co-cultivated either with N.
crassa or N. crassa and A. pullulans, there was no accumulation of soluble sugars (Figure
6.2, discussed later), which indicates the complete hydrolysis and subsequent fermentation
of sugars into high protein biomass highlighting the importance of co-culture fermentation.
Olukomaiya et al. (2020b) reported that solid state fermentation of CM with Aspergillus
sojae, Aspergillus ficuum and their co-cultures for 7 days resulted in protein increase by
4.6, 0.8 and 1.2%, respectively compared to unfermented CM. Hu et al. (2016) observed a
5.9% increase in crude protein content of fermented rapeseed meal by Bacillus subtilis,
Candida utilis and Enterococcus faecalis. The increase in crude protein may stem from an
increase in mycoprotein content (Hölker et al., 2004) or as a result of a decline in dry matter
content due to the utilization of substrate by microorganisms as carbon and energy source
(Olukomaiya et al., 2019).
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Figure 6.1: Crude protein level for HECM and 168h fermented samples. Significant
differences (p≤0.05) among different treatments are indicated by letters. Control is
uninoculated. HECM: hexane extracted canola meal, Ap: Aureobasidium pullulans,
Nc: Neurospora crassa, Tr: Trichoderma reesei.

6.4.2. Antinutritional Components
The total solid recovery (TSR), crude fiber (CF), acid detergent fiber (ADF), neutral
detergent fiber (NDF), total glucosinolates (GLS) and phytic acid (PA) are given in Table
6.1. The TSR after autoclaving and incubation for 168 h was about 97.8%. But the
fermentation of HECM either with mono- or co-cultures led to the significant loss in total
solids (6.8 to 16.5%) (Table 6.1). The highest solid loss was seen with mixed culture of A.
pullulans with N. crassa with a loss of 16.5% solids. It was noticed the presence of N.
crassa individually, or in combination with other fungi, led to a decline in the dry matter
compared to other individual fungi or combinations. This loss in total solids can be
attributed to the fungal metabolization of carbohydrates into carbon dioxide (Tabacco et
al., 2011).
Comparing with uninoculated controls, the highest CF, ADF, and NDF level
reductions in monocultures were achieved by N. crassa at 19.5, 1.3 and 14.5%,
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respectively. In dual culture, the combination of A. pullulans and N. crassa exhibited the
highest drop by 21.9, 1.7 and 9.1% as compared to the other fugal combinations. Tricultures of A. pullulans, N. crassa and T. reesei showed a decline of 3.1% in the CF and
1.2% in the NDF but not in the ADF. N. crassa by itself was the best overall in reducing
CF, ADF and NDF levels, and when it was used in combination with A. pullulans, a further
insignificant reduction was achieved in CF (2.9%) and ADF (0.6%) but not in NDF.
Nuraini and Mahata (2015) reported a decrease in crude fiber, NDF and ADF in fermented
durian and tofu waste mixture by Phanerochaete chrysosporium and N. crassa. Although
T. reesei is known to produce many hydrolytic enzymes (Li et al., 2013), low levels of fiber
degradation were anticipated. The presence of high amounts of soluble sugars could be one
of the limiting factors for fungal degradation of the insoluble fiber components (Amanullah
et al., 2014). Castillo et al. (1994) reported that the co-culture of T. reesei and A. niger must
be inoculated sequentially because of the specific requirements for the growth rates and
enzyme production rates between them. Lio and Wang (2012) noticed a lower enzyme
activity in some fungal combinations compared to single fungus inoculation when
fermenting soybean fiber. Duenas et al. (1995) stated that the combination of T. reesei with
Aspergillus phoenicis did not enhance fiber content reduction due to the production of
reducing sugars by T. reesei via cellulose hydrolysis that may accelerate the growth of
Aspergillus.
Autoclaving media at 121 °C for 15 min led to a significant reduction in GLS.
Aqueous thermal treatments are known to degrade or volatilize GLS (Halkier and
Gershenzon, 2006; Jensen et al., 1995). GLS levels in uninoculated controls compared to
the untreated HECM showed a drop in GLS levels by 56.8%. Further microbial conversion
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(mono-, bi-, and tri- cultures) compared to uninoculated control showed an additional drop
in GLS levels by 25, 81.3 and 43.8%, respectively. In monocultures, A. pullulans exhibited
the highest reduction by 25%, while co-cultures (A. pullulans and T. reesei) resulted in a
total GLS reduction by 81.3% as compared to uninoculated control. Jannathulla et al.
(2017b) reported a 41.7% GLS reduction on agricultural residues by A. niger. GLS
reduction caused primarily by microbial utilization of glucose and sulfur molecules during
fermentation (Shi et al., 2015).
Phytic acid level was not affected by the autoclave treatment (HECM vs
uninoculated control) as shown in Table 6.1. During mono- and co-culture fermentation of
HECM, level of phytic acid increased significantly (2.7-3.4 g/100g) except for in the cocultures of (A. pullulans + T. reesei). It is likely that the utilization or the changes in other
nutrients such as carbohydrates resulted in concentrating phytic acid level. Additionally,
studies have shown the effectiveness of phytase enzymes to be optimal at pH range of 4.0
to 6.0 (Zhao et al., 2017; Lei and Porres, 2003), but in our study final pH was recorded to
be at the higher end (7.1 to 8.0). This could be another hindering factor in phytic acid
degradation during fungal fermentation. Maintaining pH during fermentation could
potentially enhance the phytic acid degradation.
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Table 6.1: TSR, CF, ADF, NDF, GLS and PA of fermented canola meal after 7 days solid
state fermentation
Parameters

HECM
Control
A. pullulans

N. crassa
T. reesei
Ap+Nc
Ap+Tr
Nc+Tr
Ap+Tr+Nc

TSR
(%)
40±0.00a
97.8±1.17ab
91.3±0.98cd
86.3±0.82de
93.3±0.12bc
83.5±0.31e
88±1.53cde
87±0.04de
86.5±1.08de

CF

ADF

NDF

GLS

PA

(%)

(%)

(%)

(µmol/g)

(g/100g)

12.8±0.8a
12.8± 0.27a
14.0± 0.44a
10.3±0.07b
13.9±0.41a
10.0±0.19b
12.9±0.32a
13.3±1.50a
12.4±0.38a

20.0±0.04a
17.5±0.57bc
20.5±0.08a
17.3±1.20bc
20.5±0.33a
17.2±0.92c
20.3±0.86a
19.1±0.33ab
20.3±0.48a

24.9±1.09a
24.2±0.52a
24.9±0.24a
20.7±0.76b
24.0±0.15a
22.0±0.58b
24.4±0.28a
24.5±0.47a
23.9±1.17a

3.7±0.07a
1.6±0.36bc
1.2±0.09bc
2.3±0.64b
2.2±1.18b
1.9±0.13b
0.3±0.02c
1.5±0.02bc
0.9±0.30bc

2.6±0.10c
2.6±0.02c
3.4±0.11a
3.3±0.02a
3.1±0.16a
2.9±0.01b
2.6±0.04bc
2.7±0.13bc
2.7±0.05bc

Mean ± standard deviation. Significant differences (p≤0.05) among different treatments for each
analysis is indicated by letter superscripts. Control is uninoculated. HECM: hexane extracted
canola meal; TSR: total solid recovery; CF: crude fiber; ADF: acid detergent fiber; NDF: neutral
detergent fiber; GLS: total glucosinolates; PA: phytic acid.

6.4.3. Total Soluble Sugars of Raw and Fermented HECM
Total soluble sugars (Figure 6.2) represent the sum of mono- and oligo- saccharides
(stachyose, raffinose, arabinose, galactose-mannose, and glucose). Comparing to untreated
HECM, the uninoculated control showed a little drop in total soluble sugars (1.1 mg/mL),
which could be stemmed from degradation of sugars in the presence of other nutrients
during heat sterilization prior to fungal inoculation (Wang and Hsiao, 1995). Nyombaire et
al. (2007) claimed that soaking (77 °C) and cooking (~99.3 °C) of red kidney bean resulted
in diminishing oligosaccharides (stachyose and raffinose). As compared to uninoculated
control, fungal fermentation of HECM with monocultures of A. pullulans and N. crassa
exhibited a further reduction in total soluble sugars by 74.7 and 60.7%, respectively.
Additionally, cultivation of HECM with these two fungi led to a significant reduction in
total soluble sugars (91.6%) as compared to the uninoculated control. Our results
corroborated with the previous findings of Croat et al. (2016a) who reported a 50-95% drop
in total soluble sugars of fermented hexane extracted and cold pressed canola meal using
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filamentous fungi including A. pullulans and T. reesei. In contrast to the findings of Croat
et al., (2016), inoculation of HECM with T. reesei increased total soluble sugars by 33.9%
as compared to uninoculated control. Similarly, co-cultivation of T. reesei either with N.
crassa or A. pullulans showed the similar pattern with no change in total soluble sugars
when compared to the uninoculated control. The higher total soluble sugars with T. reesei
can be attributed to the ability of the fungus to produce cellulolytic enzymes (Peterson and
Nevalainen, 2012) which in turn releases more soluble sugars during fermentation.
Additionally, presence of significant amounts of soluble sugars in the meal at the end of
fermentation suggest that T. reesei was not able to fully utilize soluble sugars, and this
could be why low levels of proteins were recorded with T. reesei fermented meal (Figure
6.1). Only residual amounts of soluble sugars were present (<1 mg/mL) when T. reesei was
cultivated either with N. crassa or N. crassa and A. pullulans combined. These results
clearly demonstrated that soluble sugars are released and utilized more efficiently when T.
reesei is co-cultivated with either N. crassa or N. crassa and A. pullulans as compared to
using monoculture of T. reesei.
A study is being currently underway to determine if full potential of T. reesei in
combination with other microbes can be achieved by optimizing the process parameters
including sequential co-fermentation using different microbes.
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Figure 6.2: Total soluble sugars for HECM and 168 h fermented samples. Significant
differences (p≤0.05) among different treatments are indicated by letters. Control is
uninoculated. HECM: hexane extracted canola meal, Ap: Aureobasidium pullulans,
Nc: Neurospora crassa, Tr: Trichoderma reesei.

6.5. Conclusions
Overall, co-culture solid phase fermentations of HECM were found to be effective
in improving the nutritional characteristics of HECM as shown by an increase in protein
content and decreases in levels of several ANFs. Co-culture of A. pullulans and N. crassa
was found to be the most effective at reducing fiber content (CF and ADF) likely due to
synergistic growth effects. Similarly, combination of A. pullulans with T. reesei resulted
in higher levels of reduction of GLS. All strains in individual and co-cultures resulted in
higher protein contents as compared to uninoculated control. This study demonstrates the
importance of ensuring the presence of synergistic relationship among selective fungi for
better improving the nutritional characteristics of HECM.
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Chapter 7. Combined Effect of Mild Pretreatment and Fungal Fermentation
on Nutritional Characteristics of Canola Meal and Nutrient Digestibility of
Processed Canola Meal in rainbow trout Ϯ
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7.1. Abstract
The effects of mild pretreatment and fungal fermentation on the nutritional
characteristics of hexane extracted canola meal (HECM) was examined. HECM is a byproduct of canola oil extraction process and has restricted use in animal diets due to
presence of high levels of antinutritional factors (ANFs) and limited digestibility resulting
in low nutrient availability. In this study, HECM was washed with water at different solid
loading rates (SLR) to remove soluble ANFs. The wash process removed significant
amounts of soluble sugars and glucosinolates from HECM, yielding a meal with higher
levels of proteins when compared to raw HECM. The digestibility test conducted on
rainbow trout with the feed that had 30% of fish meal replaced with washed HECM showed
slight improvement with no statistical significance in protein digestibility when compared
to HECM. Fermentation of washed HECM and raw HECM with mono- and co-cultures of
Aureobasidium pullulans, Neurospora crassa and Aspergillus niger resulted in higher
protein and amino acid content when compared to the uninoculated controls. Additionally,
different strains under mono- and co-culture fermentations exhibited varied reductions in
the ANFs. Overall, these findings suggested that pretreatment with mild water washing
and/or fermentation enhances the nutritional value of HECM.
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7.2. Introduction
Canola meal (CM) is the solid material that remains after canola seed is processed
for oil extraction (Olukomaiya et al., 2020c). CM can be up to 67% of the seed by weight
(Östbring et al., 2020), and contains a minimum of 40% protein on dry basis. It is widely
exploited in animal diets (ruminant, swine, poultry and fish) and is ranked second after
soybean as one of the most traded protein feed ingredients (CCC, 2019). However, CM has
several antinutritional factors (ANFs) such as non-digestible oligosaccharides and nonstarch polysaccharides, glucosinolates (GLS), and phytic acid, which limits the amount of
CM that can be included in feed formulations (Wu and Muir, 2008; Yoshie-Stark et al.,
2008).
These ANFs have various negative effects on different animal species. Complex
carbohydrates elevate gut viscosity and lower nutrient digestion, while high fiber content
dilutes nutrient density (Booth et al., 2001), and reducing availability (Mustafa et al., 1996).
ANFs negatively impact animal growth and performance (Ramesh et al., 2006). The GLS
and/or their breakdown products cause low feed intake, iodine deficiency, as well as
enlargement of the liver, kidney, and the thyroid (Tripathi and Mishra, 2007). The highly
negatively charged phytates forms complexes with minerals, thereby reducing their
bioavailability (Francis et al., 2001).
Several methods have been developed to reduce or eliminate ANFs such as
enzymatic pretreatments (Hussain et al., 2016), thermal extrusion, dilute acid and alkaline
pretreatments (Croat et al., 2017), tail end dehulling (Hansen et al., 2017) and microbial
fermentation (Alhomodi et al., 2021a; Croat et al., 2016b). All these processes have been

134
reported to reduce ANFs, however, the benefits are offset by higher processing costs, a net
loss of protein, and/ or incomplete reduction of ANFs.
The GLS content in CM is low (<30 µmol/g) and its variable composition (CCC,
2019) may not impact meal palatability compared to other Brassica species defatted seed
meals such as carinata that is high in sinigrin (Ban et al., 2017; Warwick et al., 2006).
Therefore, ANFs in CM generally impact nutrient utilization, especially in monogastric
animals, but not nutrient intake.
Microbial fermentation shows perhaps the most potential for improving CM
nutritional composition by reducing ANFs (Alhomodi et al., 2021a), but the presence of
high levels of simple sugars in CM limit the effect of fermentation on the complex
polysaccharides. The depletion of simple carbohydrates would enable the microbes to have
a more profound effect on the other complex components such as fibers. The soluble simple
carbohydrates could be removed by washing the CM before fermentation. Although
washing concentrates fiber of the pre-fermented meal, its overall effect on digestibility in
fish is positive (Kasiga et al., 2021). In addition to lowering ANFs and increasing protein,
fermented meals have also been reported to enhance some nonspecific immune responses
in some fish species (Dossou et al., 2018; Zhang et al., 2020).
Washed and fermented CM that is high in protein and amino acids, and low in
soluble sugars, would be ideal for use in carnivorous fish diets. This is because such diets
are high in protein due to the high amino acid requirements of these species (NRC, 2011).
Carnivorous fish also generally have a low ability to utilize high amounts of soluble
carbohydrates and their diets rarely contain more than 20% carbohydrate (Wilson, 1994).
Rainbow trout (Oncorhynchus mykiss) was the second most produced fish species in the
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US in 2018 (USDA-NASS, 2019). To meet the digestible protein content of 38% (NRC,
2011), the crude protein contents are usually greater than 40% in the diet. Considering the
carnivorous nature of rainbow trout, it is more efficient at utilizing protein and lipid for
nutrients and energy (Gatlin III, 2010). Therefore, plant meals that are low in carbohydrate
would be ideal for use in its diets.
In this study we evaluated the effects of washing hexane extracted canola meal
(HECM) with water to remove undesirable components, followed by fungal fermentation
on both washed solid fraction and supernatant using various combinations of three different
microbes. To achieve the homogenous fungal growth via agitation during incubation,
submerged fermentation was chosen over solid state fermentation. The fungal cultures used
in this study are generally regarded as safe and are previously reported to enhance the
nutritional composition of canola meal: Aureobasidium pullulans, Neurospora crassa
(Alhomodi et al., 2021a) and Aspergillus niger (Shi et al., 2015). The objectives of the
study were to determine: (1) the effect of washing on meal composition, (2) the effect of
washing on mono- and co-culture fermentation, (3) the effect of washing on the
digestibility of protein of HECM in rainbow trout.
7.3. Materials and Methods
7.3.1. Canola Meal Preparation
HECM was received from ADM/Specialty Commodities LLC (Fargo, North
Dakota, USA). The ground meal (Krups Coffee Grinder, Solingen, Germany) was stored
in sealed buckets at room temperature (~23 °C). Dry weight determination of HECM was
done by drying ~2 g of ground meal in triplicate at 80 °C for 24 h using a drying oven
(AACC, 2010).
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7.3.2. Canola Meal Washing Process
Details of canola meal processing is provided in the Figure 7.1. Briefly, HECM was
mixed in 100 mL of deionized water at room temperature (~23 °C) for 2 min, using a
stainless-steel spatula. The homogeneous mixture was centrifuged at 10,000 g for 10 min
at room temperature. The solid fraction was oven dried (80 °C/48 h) for proximate analysis.
Portions of the supernatant were oven dried (80 °C/48 h) for crude protein and GLS
analyses, while total soluble sugars and phytic acid were analyzed directly on the
supernatant. Both fractions of 20% washed meal were used for fungal fermentation, and
solid fractions were moisture adjusted prior to fermentation (Figure 7.1).
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Figure 7.1: Overall process flow of mild wash of hexane extracted canola meal followed by
fungal fermentation. HECM: hexane extracted canola meal; SLR: solid loading rate.

7.3.3. Fungal Inoculum Preparation for Mono- and Co-culture Fermentation
Fungal strains, Aureobasidium pullulans (NRRL-Y-2311-1), Aspergillus niger, and
Neurospora crassa were obtained from the National Center for Agricultural Utilization
Research (Peoria, Illinois, USA). The fungal strains were stored in the refrigerator and subcultured monthly on potato dextrose agar (PDA). For inoculum preparation, 8 mm plug
from 5-day fungal colony grown on PDA was transferred into sterile glucose yeast extract
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(GYE) media (100 mL working volume of 5% glucose and 0.5% yeast extract) with pH of
5.5. Thereafter, flasks were incubated for 48 h at 30 °C in rotary shaker at 150 rpm.
7.3.4. Fungal Interactions in Co-culture Systems
Prior to fungal fermentation experiments, fungal strains were tested for any
potential antagonistic behavior by plating them together (combination of co-cultures) on a
potato dextrose agar (PDA). Two 8-mm disc of actively growing mycelium for each fungus
was placed into each half of PDA medium, whereas a single cell fungus (A. pullulans)
inoculum was spread on PDA. Plates were then sealed with parafilm and incubated for 7
days at 30 °C. The morphological growth pattern of these fungal strains on the PDA plates
were observed daily. The assurance of two fungal growth in co-culture systems was
determined by monitoring morphological growth and inhibition zone in the inoculated
plates.
7.3.5. Submerged Fermentation
7.3.5.1. Fermentation of Raw and Washed Solid Fractions of Canola Meal
Submerged fermentation (SmF) was conducted in 500 mL Erlenmeyer flasks with
a working volume of 200 mL The amount of deionized water was added based on the final
moisture content of washed HECM (solid fraction) to have a solid loading rate of 20% on
dry basis (db). The pH of the slurry was 5.5. All flasks were autoclaved (121 °C for 20
min) and then inoculated with 2 mL of a 48-h culture of A. pullulans, N. crassa and A.
niger for monoculture fermentation and 1 mL of each fungal strain for co-culture
incubation. All flasks were incubated at 30 °C at 150 rpm for 168 h. At the end of
fermentation, pH was measured, and samples were dried at 80 °C for 48 h using a drying
oven. Sets of similar experiments were conducted with the raw HECM. Also uninoculated
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control was conducted with washed solids and raw HECM. All experiments were
conducted in triplicate.
7.3.5.2. Fermentation of Supernatant Recovered from Washing Process
SmF was performed in 250 mL Erlenmeyer flasks with a working volume of 100
mL of the liquid obtained from washed HECM. The pH of the supernatant was ~5.5 and
no further adjustment was made. All flasks were autoclaved (121 °C for 20 min) and then
inoculated with 1 mL of a 48-h culture of A. pullulans, N. crassa and A. niger for
monoculture fermentation for 120 h. All flasks then were processed as mentioned above in
section 7.3.5.1. All experiments were performed in triplicate.
7.3.6. Diet Formulation and Manufacturing for the Digestibility Study
A reference diet (Table 7.1) was formulated for rainbow trout, and it contained
~44% crude protein and 16% lipid. The reference diet contained 40% animal meals
including 20% fishmeal. Test diets were formulated by replacing 30% of the reference diet
with the test ingredient. A single big batch of the reference blend without chromic oxide
was made and portions used in test diets. The weighed dry ingredients were ground to
particles less than 0.5 mm with a Fitzpatrick comminutor mill (Elmhurst, IL) and then
blended with supplemental oil in a double action Leland 100DA70 food mixer (Fort Worth,
TX). All diets contained 0.75% chromic oxide as an inert marker. The reference blend, test
ingredient, chromic oxide and water (~30% moisture) were mixed in a Hobart HL200
mixer (Troy, OH) for about 10 mins. All diets were cold pressed (Hobart 4146 grinder),
and the pellets (3 mm in diameter) were air dried for 24 h using a fan. The diets were stored
at -20 °C, pending use. Protein and chromium were analyzed using AOAC 2006 methods
972.43 and 990.08, respectively (AOAC, 2006e).
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Table 7.1: Formulation of the reference diet used in apparent digestibility studies
Ingredient
Menhaden fishmeal1
Porcine blood meal2
Poultry byproduct meal3
Feather meal (hydrolyzed)4
Whole cleaned wheat5
Yellow whole corn6
Wheat gluten7
Vitamin premix8
Trace minerals8
Stay C9
Choline chloride 60%10
Lysine11
Tryptophan11
Methionine12
Betaine13
Taurine14
Menhaden fish oil1
Soybean oil15
Lecithin16

Inclusion (%)
20.0
3.0
15.0
2.0
23.0
7.5
12.0
1.7
1.5
0.3
0.3
1.0
0.1
0.5
0.5
0.5
6.5
3.6
1.0

1

Omega protein, Houston, Tx; 2Mason city byproducts Inc, Mason city, IA; 3Tyson
Foods Inc., Springdale, AR; Consumer supply, Sioux city, IA; ePrairie Ag Partners,
Lake Preston, SD; 6Rancher’s choice, North Sioux city, SD; 7Cargill, Minneapolis,
MN; 8Nutriblend, Neosho, MO; 9DSM Jiangshan Pharmaceutical Co. Ltd, Jingjiang,
Jiangsu, China; 10Biochem Corporation, New Hampton, NY; 11Anjinomoto Animal
Nutrition group, Chicago, IL; 12Adiddeo Blue Star Company, North Point Parkway,
GA; 13Jiangyin, Huachang Food Additives, Jiangyin Jiangsu, China; 14Pure Bulk,
Rosenburg, OR 15South Dakota Soybean Processors, Volga, SD; 16Solae LLC, St.
Louis, MO.

7.3.7. Digestibility Fish Culture System and Fecal Collection
Two recirculating aquaculture systems (RAS) were used, and each RAS consisted
of 30 or 32 tanks of 110 L each. This study was part of a large digestibility study of five
meals. Six rainbow trout ranging from 300-350 g were stocked into each of the 27 tanks of
each RAS and the remaining 3 or 5 tanks were not used. Each replicate was made of three
tanks, and three replicates were used per treatment. Each RAS had 4 or 5 tanks of each
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treatment, and tanks were randomly assigned a treatment diet within a given RAS.
Dissolved oxygen, temperature and pH were monitored daily using a YSI Professional Plus
(Yellow Springs, OH), and they averaged 9.48±0.12 mg/L, 15.99±0.09 °C and 7.37±0.03,
respectively for RAS1; and 9.44±0.07 mg/L, 15.29 ±0.08 °C and 7.22±0.02, respectively
for RAS2. Unionized ammonia and nitrite were monitored once a week and were 0.002
and 0.063 mg/L, respectively for RAS1, and 0.002 and 0.035 mg/L, respectively for RAS2.
All fish were fed a commercial diet for one week and test diets for another week, before
fecal stripping (Glencross et al., 2007). Fecal stripping occurred ~8 h after the morning
feeding. Feces from three tanks were pooled into a single replicate and the fecal samples
were stored at -20 °C. After freezing, the samples were freeze-dried using a Labconco
Freezone 2.5 freeze dryer (Kansas City, MO) for 48 hours.
7.3.8. Analytical Assays
7.3.8.1. Crude Protein
Crude protein was determined by combusting ~0.2500 g of each sample using a
LECO model FP528 (St. Joseph, MI, USA) (Horwitz and Latimer, 2006). The total emitted
nitrogen gas was then multiplied using a conversion factor of 6.25 to obtain the percentage
of protein.
7.3.8.2. Total Glucosinolates (GLS)
Intact GLS were extracted from 0.25 g of meal with 3 mL of methanol by sonication
for 30 min and allowed to stand overnight at room temperature. The extracted GLS in
methanol (15 µL) were then filtered through a 0.45 µm nylon 66 filter and analyzed by
high performance liquid chromatographic (HPLC) separation on a Shimadzu (Columbia,
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MD, USA) HPLC System using a method developed by Betz and Fox (1994), with slight
modifications.
7.3.8.3. Phytic Acid
Phytic acid assay kit (K-PHYT, Megazyme, Bray, Ireland) was used to determine
the phytic content in both liquid and solid samples (Megazyme, 2017). Briefly, phytic acid
of samples (liquid and solid) were acid extracted followed by enzymatic treatments
(phytase and alkaline phosphatase) to free phosphates. Then, a modified colorimetric
method was used to determine the total released phosphate that is given as grams of
phosphorus per 100 g of solid samples and grams of phosphorus per 100 mL of liquid
samples.
7.3.8.4. Crude Fiber
Crude fiber (CF) was analyzed by Agricultural Experiment Station Chemical
Laboratories at the University of Missouri-Columbia, using AOAC (2006) method 978.10.
(AOAC, 2006d).
7.3.8.5. Total Soluble Sugars
Total soluble sugar content was determined by HPLC system (Agilent
Technologies, Santa Calara, CA, USA) equipped with a refractive index detector (Model
G1362A), and a waters size-exclusion chromatography column (SugarPak column I with
pre-column module, Waters Corporation, Milford, MA, USA) at a flow rate of 0.5 mL/min
(50 ppm EDTA in deionized water) and column temperature of 85 °C Different
concentrations of (stachyose, raffinose, glucose, galactose, galactose-mannose, and
arabinose) at 99.9% purity as sugar standards were prepared to set up calibration curve of
concentration vs. HPLC peak area as previously reported by (Karunanithy et al., 2012).
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Sugar samples from solids and liquids were prepared using methods described in (Croat et
al., 2016a) and (Croat et al., 2017), respectively.
7.3.8.6. Calculation of Apparent Digestibility Coefficients (ADCs)
Protein and chromium contents of the feces were analyzed using methods described
previously. Chromic oxide in the ingested diets was assumed to be inert, indigestible, and
passed through the digestive tract at the same rate as the dietary nutrients (Austreng et al.,
2000). Chromic oxide was also assumed to be homogenously distributed in the diets and
the feces. Protein ADCs were calculated according to NRC (2011) equations:
ADCref and feed = 1- Chromium in feed × protein content of feces
Chromium in feces protein content of feed
ADCingred = ADCtest diet + [(ADCtest diet + ADCref diet) × (0.7 × Dref /0.3 × Dingred)]
where Dref is the percentage of protein of the reference diet, and Dingred is the percentage of
protein of the test ingredient.
7.3.9. Statistical Analysis
R version 1.2.5001 (Boston, MA, USA) was used for the statistical analysis. All
data were analyzed using one-way ANOVA except for the digestibility data that was
analyzed using a two sample T-test. p ≤ 0.05 was used as the level of significance.
7.4. Results and Discussion
7.4.1. Composition of Washed HECM
Solid recovery (SR), supernatant recovered, crude protein (CP), crude fiber (CF),
phytic acid (PA), total glucosinolates (GLS), and total soluble sugars (TSS) for washed
HECM at different solid loading rates (SLRs) compared to the raw counterpart are shown
in Table 7.2. An increase in SLR from 10 to 40% gradually decreased the SR in the
supernatant (16.0% for 10% SLR vs. 13.5, 10.0, and 8.8%, respectively for 20, 30, and
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40% SLR) suggesting the low mass transfer at high SLRs. A high amount of water was
retained at the higher level of SLRs (Table 7.2) indicating the high-water adsorption
characteristics of HECM. It was previously reported that high fiber content in canola meal
(Aider and Barbana, 2011) holds water ~4 times its dry weight (Khattab and Arntfield,
2009).
CPs of washed HECM at 10, 20, 30 and 40% were 45.9, 43.9, 43.5, and 43.2%,
respectively higher than that of the raw HECM (41.2%). CP increases were due to mass
transfer of soluble components into supernatant. The protein recovered in the supernatant
at 10, 20, 30, and 40% SLR were 12.4, 12.1, 9.4, and 9.1%, respectively. This protein loss
from the CM was due to protein solubility during washing process. CM proteins are
classified based on their solubility in alkaline solution (glutelin’s), water (albumins),
alcohol (prolamins), and salt solution (globulins) (Tan et al., 2011a). Protein solubility of
the CM is dependent on several factors such as pH, temperatures, and salt levels
(Wanasundara et al., 2016). In this study, deionized water at room temperature was used
in washing process, and the pH of the solubilized CM was 5.5. It is estimated that the
protein loss in supernatant was largely the water-soluble albumins, and some non-protein
nitrogen containing compounds.
When the meal was washed at 10, 20, 30 and 40% SLRs, the CF were 14.1, 14.1,
13.5, and 13.3%, respectively compared to raw HECM (11.1%). CM contains a substantial
amount of insoluble fiber, due to the presence of the seed hulls which are not removed
during oil processing (CCC, 2019). The observed high CF could be interpreted as the
concentration of CF due to the removal of soluble components during washing process.
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Comparison of the PA content of HECM (2.73 g/100g), and the washed meals at
10, 20, 30 and 40% SLRs resulted in PA content of 12.5, 6.6, 2.9, and 2.9%, respectively.
This increase was likely due to mass transfer of other meal components into supernatant,
leading to higher PA concentrations. Washing at 10, 20, 30, and 40% SLRs barely
solubilized PA into the supernatant. The PA content in the supernatant ranged between
0.02 to 0.09 g/100g. This low PA could be due to the alteration of PA into an insoluble
form during washing process. PA is known to possess a metal ion chelating ability because
of its chemical structure allowing it to have a strong affinity with cations (Graf and Eaton,
1990). Because HECM contains several cations such as copper, iron, manganese, zinc and
calcium (CCC, 2019), PA chelates such cations, resulting in the water-insoluble phytate
salts (Matsuno and Fujimura, 2014).
Total GLS in SR were lower by 54.7, 44.2, 47.9 and 42.8% compared to HECM
when meal was washed at 10, 20, 30, and 40% SLRs, respectively. The supernatant at
different SLRs had no detectable GLS even though there were GLS reductions in SRs after
washing. This is because HECM contained very low levels of these glucosinolates and the
presence of other interfering components in the supernatant that affected GLS extractability
and detectability by HPLC.
Compared to HECM, the total soluble sugars and oligosaccharides (stachyose,
raffinose, glucose, galactose-mannose, and arabinose) declined significantly by 77.0, 71.4,
40.2, and 39.4% in the SRs at 10, 20, 30, and 40% SLRs, respectively. These results showed
more sugar removal at lower SLRs, but in terms of supernatant, the total soluble sugars
was higher at 40% SLR (1.88 g) compared to 30% (1.79 g), 20% (1.79 g), and 10% (1.40
g) SLRs.
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Table 7.2: Proximate composition of hexane extracted canola meal (HECM) and washed HECM
Washed HECM at different solid loading rates (SLR)
Analysis, dry
basis

HECM

10%
Solid

SR, g
Supernatant, mL
CP, %
CF, %
PA, g/100g
GLS, µmol/g
TSS, mg/mL

NA
NA
41.2±0.85c
11.1±0.14c
2.73±0.02c
2.11±0.16a
13.2±0.22a

20%
Liquid

d

8.1±0.12
NA
45.9±0.36a
14.1±0.52a
3.07±0.02a
1.18±0.06b
3.75±0.61b

Solid
C

1.6±0.06
77.7±0.58A
32.0±0.51D
NA
0.04±0.00BC*
Und
1.40±0.03B+

30%
Liquid

c

17.3±0.06
NA
43.9±0.25b
14.1±0.16ab
2.91±0.01b
1.36±0.03b
4.37±0.93b

Solid
B

2.7±0.06
57.0±0.00B
37.0±0.17C
NA
0.02±0.02C*
Und
1.79±0.13A+

40%
Liquid

b

26.8±0.06
NA
43.5±0.63b
13.5±0.35ab
2.81±0.09bc
1.23±0.13b
8.83±1.14ab

Solid
B

3.0±0.15
43.7±2.08C
38.8±0.19B
NA
0.06±0.02AB*
Und
1.79±0.08A+

Liquid
a

36.0±0.32
NA
43.2±0.14b
13.3±0.28b
2.81±0.01bc
1.34±0.00b
8.89±4.06ab

3.5±0.25A
39.0±1.00D
42.7±0.17A
NA
0.09±0.01A*
Und
1.88±0.09A+

Mean ± standard deviation, significant differences (p≤0.05) among different wash concentrations for each analysis is indicated by upper and small
case letter superscripts for liquid and solid, respectively. SR: solid recovered; NA: not applicable; CP: crude protein; CF: crude fiber; PA: phytic
acid; GLS: total glucosinolates; Und: undetectable; TSS: total soluble sugars; HECM: hexane extracted canola meal; *: g/100 mL; +: g.
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7.4.2. Amino Acid of Raw and Washed HECM
Washing at 20 and 30% SLRs led to higher total amino acid concentrations at 38.82
and 38.39%, respectively compared to HECM (36.35%) (Table 7.3). In terms of single
amino acids, there were no significant differences in threonine, valine, methionine,
isoleucine, leucine, phenylalanine, and lysine concentrations in the 20% and 30% SLRs,
but the concentrations of these amino acids were higher than those in HECM, except for
lysine that did not change. At 20% SLR, histidine (1.09%) was significantly higher than
both HECM (1.05%) and 30% SLR (1.07%) while tryptophan at the 30% SLR (0.43%)
was lower than HECM (0.46%) and 20% SLR (0.46%).
Table 7.3: Amino acid of hexane extracted canola meal (HECM) and washed HECM
Amino Acid
Threonine
Valine
Methionine
Isoleucine
Leucine
Phenylalanine
Lysine
Histidine
Tryptophan
Total*

HECM
1.65±0.01B
2.06±0.01B
0.75±0.00B
1.61±0.00B
2.67±0.02B
1.55±0.01B
2.22±0.02A
1.05±0.01B
0.46±0.00A
36.35±0.30B

Washed HECM at different concentrations
20%
30%
A
1.82±0.01
1.80±0.01A
2.29±0.01A
2.26±0.01A
A
0.82±0.01
0.81±0.00A
1.78±0.02A
1.76±0.01A
2.91±0.00A
2.89±0.03A
1.70±0.01A
1.68±0.01A
A
2.31±0.01
2.20±0.04A
1.09±0.00A
1.07±0.01B
0.46±0.01A
0.43±0.01B
38.82±0.11A
38.39±0.25A

Mean ± standard deviation, significant differences (p≤0.05) among different group for each amino
acid are indicated by letter superscripts. HECM: hexane extracted canola meal; *: essential and
nonessential amino acid.

7.4.3. Fermentation of Raw and Washed HECM
SR, CP, CF, PA, GLS, and TSS of fermented raw HECM (RM) and fermented
washed HECM (WM) in mono- and co-culture incubation are shown in Table 7.4. SR of
RM and WM post autoclaving were 90.5 and 91.0%, respectively. Mono- and co-culture
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fermentation showed further reduction in SR in both RM and WM. Compared to
uninoculated control, the monoculture of RM with N. crassa had the highest dry matter
loss (DML) of 12.2% followed by A. pullulans (8.8%) and A. niger (5.0%). In co-cultures
of RM, the co-cultures of (A. pullulans + N. crassa) showed the highest DML of 13.3%,
whereas N. crassa + A. niger, and A. pullulans + A. niger showed a reduction of 11.0 and
9.9%, respectively compared to uninoculated control. The observed DML could be due to
fungal metabolization of carbohydrates into carbon dioxide (Tabacco et al., 2011).
Washing HECM at 20% followed by fermentation resulted in 23 to 32.5% DML. In
monoculture of WM, A. niger presented the highest DML of 20.9% followed by N. crassa
(11.5%) and A. pullulans (10.4%). In co-culture of WM, A. pullulans + N. crassa showed
the highest DML of 17.0% followed by the co-culture of N. crassa + A. niger (15.9%) and
A. pullulans + A. niger (10.4%), compared to uninoculated control. This higher DML seen
in WM compared to RM in both mono- and co-culture incubations could be due to fungal
metabolism of complex carbohydrates in washed meal due to the lack of available soluble
carbohydrates as a result of washing process as discussed above.
Compared to uninoculated control in monoculture of RM, N. crassa yielded the
highest CP of 45.8% compared to other fungi, A. niger (45.4%) and A. pullulans (43.3%).
In co-culture of RM, a combination of A. pullulans + N. crassa was the highest in CP
(47.4%) followed by N. crassa + A. niger (46.0%) and A. pullulans + A. niger (44.0%).
The protein content increase could be due to loss of other dry matter components (Osman,
2011) or due to fungal consumption of other non-protein components (Baldwin et al.,
2019). Several studies have reported protein increases in fermented canola meal in solid
and submerged fungal fermentations (Alhomodi et al., 2021a; Aljubori et al., 2017; Croat

149
et al., 2016b). In WM, monoculture of N. crassa resulted in the highest CP of 47.3%,
followed by A. niger (44.7%) and A. pullulans (42.9%) compared to the uninoculated
control (42.7%). While in co-culture of WM, the combination of A. pullulans + N. crassa
yielded the highest CP of 46.3% compared to other co-cultures N. crassa + A. niger
(44.3%) and A. pullulans + A. niger (43.2%). The co-culture of A. pullulans + N. crassa
yielded the highest CP among other cultures (mono and co) in RM, but in WM, the
monoculture of N. crassa was the best in increasing CP compared to other mono-/cocultures. The observed difference in protein concentration between RM and WM when
same cultures systems were used may be attributed to differences in fungal behavior due
to the alteration of substrate properties post washing. According to Croat et al. (2017), the
protein content of HECM fermented by Fusarium venenatum, Trichoderma reesei, and
Aureobasidium pullulans changed when HECM was subjected to different pretreatments
(dilute acid/alkaline, hot water, and extrusion). That suggests the changes of substrate
matrix can affect fungal growth and metabolism.
CF in monoculture of RM were decreased by 10.7% (A. niger) and 13.6% (N.
crassa), however A. pullulans showed a 2.5% increase due to mass balance change. In coculture of RM, A. pullulans + N. crassa was the best giving a CF reduction of 22.2%
followed by N. crassa + A. niger (5.3%), while the combination of A. pullulans + A. niger
exhibited an increase of 6.2%. When A. pullulans was cultured with A. niger, an increase
in fiber was noticed. This is probably due to high growth rate of A. pullulans as compared
to A. niger in submerged fermentation. According to Duenas et al. (1995) a co-culture of
Trichoderma reesei + Aspergillus phoenicis did not improve fiber degradation, due to the
release of reducing sugar by T. reesei that accelerated A. phoenicis growth. However, the
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combination of A. pullulans with N. crassa showed better CF reduction, which indicated
the compatible growth of these two fungi. Alhomodi et al. (2021a) reported that a coculture of A. pullulans with N. crassa had the highest decreases in crude fiber, acid
detergent fiber, and neutral detergent fiber in canola meal of 21.9, 1.7, 9.1%, respectively.
In mono- and co-culture of WM, a similar reduction pattern was noticed in terms of fungi,
but A. niger reduced the most CF among monocultures. This low CF reduction in WM
indicates the need for longer incubation times for fungi to secrete cellulosic enzymes that
synergistically hydrolyze the complex carbohydrate into simple sugars or medium
optimization (temperature, inoculum size, pH, etc.) for higher fiber metabolization.
The PA content was reduced by all tested fungi in mono- and co-culture of RM and
WM compared to their uninoculated controls. In monoculture of RM, A. niger showed the
highest reduction by 48.9% followed by N. crassa (19.1%) and A. pullulans (4.3%). While
in co-culture, the highest reduction was seen with a combination of N. crassa + A. niger
(21.3%) followed by A. pullulans + N. crassa (19.1%) and A. pullulans + A. niger (6.4%)
compared to uninoculated control. This reduction in PA indicates the fungal production of
phytase during fermentation. These results concurred with El-Batal and Karem (2001) who
reported a reduction of PA content in rapeseed meal fermented by Aspergillus niger.
Egounlety and Aworh (2003) as well reported an achievement of 0.88% phytic acid
reduction in fermented soybean meal for 36 h using Rhizopus oligocarpous. In monoculture
of WM, A. niger again was the best in reducing PA by 15.5%, followed by N. crassa (3.4%)
and A. pullulans (1.7%). In co-culture of WM, the co-culture of A. pullulans + N. crassa
showed a PA decline of 12.1%, followed by N. crassa + A. niger (10.3%) and A. pullulans
+ A. niger (5.2%) compared to uninoculated control. Despite the reduction of PA in WM,
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fungi in RM showed higher PA reduction. According to Ebune et al. (1995) glucose
concentration can affect the increase of biomass growth, production of phytase and rate of
PA hydrolysis. This can explain the higher phytase production in RM than WM that has
lower soluble sugars.
Compared to uninoculated control, in monoculture RM, fermentation with A.
pullulans provided higher GLS reduction (48.9%) followed by N. crassa (13.3%), whereas
A. niger concentrated GLS by (17.8%). This increase could be attributed to concentration
effect. In co-culture of RM, the combination of A. pullulans + A. niger showed the highest
decline of 57.8%, followed by A. pullulans + N. crass (37.8%), whereas N. crassa + A.
niger showed an increase of 4.4% compared to uninoculated control. This reduction can be
a result of fungal consumption of sugar and sulfur moieties of GLS (Vig and Walia, 2001).
These results are in line with Croat et al. (2016a) who reported a GLS reduction of
fermented canola meal using different fungal strains. Unlike N. crassa (2.7 µmol/g), the
monoculture of WM with A. pullulans (1.6 µmol/g) and A. niger (2.2 µmol/g), reduced
GLS compared to uninoculated control (2.3 µmol/g). In co-culture of WM, A. pullulans +
A. niger exhibited a concentrated GLS (5.7 µmol/g) unlike A. pullulans + N. crassa and N.
crassa + A. niger that lowered GLS content by 9.5 and 16.7%, respectively compared to
uninoculated control.
In the monoculture of RM, N. crassa utilized all soluble sugars (100%), whereas A.
niger and A. pullulans reduced the total soluble sugars by 86.4 and 77.7%, respectively
compared to uninoculated control. In co-culture of RM, the combination of N. crassa + A.
niger and A. pullulans + N. crassa exhibited 100% reduction in total soluble sugars while
A. pullulans + A. niger showed a decrease by 87.4% compared to uninoculated control.
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Interestingly, all mono- and co-cultures of WM reduced total soluble sugars by 100%
compared to uninoculated control.
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Table 7.4: Fermentation of hexane extracted canola meal (HECM) and washed HECM

Washed HECM

HECM

Parameter
Control
A. pullulans
N. crassa
A. niger
A.p + N.c
A.p + A.n
N.c + A.n
Control
A. pullulans
N. crassa
A. niger
A.p + N.c
A.p + A.n
N.c + A.n

SR, g
18.1±0.10a
16.5±0.06c
15.9±0.23de
17.2±0.21b
15.7±0.12e
16.3±0.15cd
16.1±0.26cde
18.2±0.00a
16.3±0.21ab
16.1±0.69b
14.4±0.61b
15.1±0.56b
16.3±1.21ab
15.3±0.85b

CP, %
42.0±0.34e
43.3±0.61de
45.8±0.81b
45.4±0.20bc
47.4±0.76a
44.0±0.44cd
46.0±0.35ab
42.7±0.52d
42.9±0.23d
47.3±0.31a
44.7±0.42c
46.3±0.17b
43.2±0.29d
44.3±0.29c

Analyses, dry basis
CF, %
PA, g/100g
a
13.4±0.48
2.6±0.02b
15.1±0.67a
2.7±0.01a
13.2±1.80a
2.4±0.03d
12.6±0.75a
1.4±0.01f
12.1±1.31a
2.4±0.01c
15.8±0.44a
2.7±0.02a
14.3±3.11a
2.3±0.01e
14.2±0.28c
3.2±0.02c
16.4±0.44a
3.5±0.02a
14.7±0.59bc
3.5±0.04a
15.7±0.27ab
3.4±0.02ab
abc
15.4±0.48
3.4±0.03ab
16.4±0.77a
3.4±0.01b
15.4±0.35abc
3.4±0.01a

GLS, µmol/g
2.5±0.10ab
1.4±0.85c
2.5±0.26ab
3.1±0.23a
1.8±0.18bc
1.2±0.16c
2.9±0.20a
2.3±0.07bc
1.6±0.38c
2.7±0.20b
2.2±0.50bc
2.5±0.18b
5.7±0.17a
2.3±0.05bc

TSS, mg/mL
5.7±2.60a
1.4±0.94b
00.0±0.00b
0.8±0.11b
00.0±0.00b
0.8±0.33b
00.0±0.00b
5.7±1.63a
00.0±0.00b
00.0±0.00b
00.0±0.00b
00.0±0.00b
00.0±0.00b
00.0±0.00b

Mean ± standard deviation, significant differences (p≤0.05) among different culture for each analysis is indicated by letter superscripts. SR: solid
recovery; CP: crude protein; CF: crude fiber; PA: phytic acid; GLS: total glucosinolates; TSS: total soluble sugars; HECM: hexane extracted canola
meal.

153

154

7.4.4. Amino acid of Fermented Raw and Washed HECM
Tables 7.5 and 7.6 show the essential amino acids of RM and WM, respectively in
mono- and co-culture incubation. The total amino acids in mono- and co-culture of RM
were higher than in the uninoculated control (Table 5). A. pullulans was the highest at
39.98% as individual, whereas in co-culture, the combination of A. pullulans + N. crassa
was the best at (40.99%). In terms of individual amino acids, A. pullulans showed an
increase in all amino acids compared to uninoculated control while other mono- and coculture systems showed various increases and decreases in different amino acids as
compared to uninoculated control. This can be explained by fungal conversion of some
amino acids into others based on fungal needs. According to Je et al. (2005), fermentation
of oyster (Crassostrea gigas) sauce at different fermentation times resulted in an increase
in the amino acid composition.
The total amino acid in mono- and co-culture of WM, were lower than uninoculated
control, except for the individual incubation by N. crassa (40.54%) and for the combination
of A. pullulans + N. crassa (39.61%). N. crassa showed higher individual amino acid
concentrations compared to uninoculated control except for histidine. A. pullulans + N.
crassa was the best among other fungal combinations in amino acid increase but with lower
histidine and tryptophan compared to uninoculated control. Compared to amino acid
concentration of RM, WM showed lower concentration in total and individual amino acid
in both mono- and co-culture incubation. This may be due to fungal metabolism of amino
acids as nutrient sources due to the low soluble sugars in the washed meal.
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Table 7.5: Amino acids of fermented hexane extracted canola meal for 168 h
Amino acid
Threonine
Valine
Methionine
Isoleucine
Leucine
Phenylalanine
Lysine
Histidine
Tryptophan
Total*

Control
1.72±0.01d
2.20±0.00d
0.79±0.01b
1.70±0.01d
2.82±0.01d
1.65±0.01d
2.23±0.01ab
1.07±0.01ab
0.40±0.01bc
37.74±0.01d

A. pullulans
1.96±0.00a
2.37±0.01c
0.80±0.01ab
1.84±0.01bc
3.06±0.02b
1.80±0.01b
2.27±0.03a
1.11±0.01a
0.46±0.01a
39.98±0.05b

N. crassa
1.89±0.00bc
2.52±0.01ab
0.83±0.01a
1.92±0.00a
3.14±0.01b
1.78±0.01bc
2.31±0.02a
0.97±0.01cd
0.41±0.01b
39.47±0.14bc

Fungi
A. niger
1.75±0.03d
2.34±0.04c
0.70±0.01d
1.72±0.04d
2.79±0.04d
1.65±0.02d
2.09±0.02c
0.97±0.02cd
0.35±0.01c
37.90±0.29d

A.p + N.c
1.97±0.02a
2.57±0.02a
0.82±0.00a
1.95±0.03a
3.24±0.04a
1.87±0.01a
2.29±0.01a
1.01±0.01bcd
0.43±0.01ab
40.99±0.12a

A.p + A.n
1.95±0.03ab
2.32±0.00c
0.75±0.01c
1.77±0.01cd
2.95±0.02c
1.74±0.02c
2.16±0.01bc
1.03±0.01bc
0.41±0.03ab
38.98±0.15c

N.c + A.n
1.86±0.01c
2.48±0.00b
0.81±0.01ab
1.88±0.01ab
3.08±0.01b
1.77±0.01bc
2.26±0.04a
0.95±0.03d
0.42±0.00ab
39.06±0.11c

Mean ± standard deviation, significant differences (p≤0.05) among different group for each amino acid are indicated by small case letter superscripts.
A.p: A. pullulans; N.c: N. crassa; A.n: A. niger; *: essential and non-essential amino acid.
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Table 7.6: Amino acids of fermented 20% washed hexane extracted canola meal for 168 h
Amino acid
Threonine
Valine
Methionine
Isoleucine
Leucine
Phenylalanine
Lysine
Histidine
Tryptophan
Total*

Control
1.83±0.01bc
2.29±0.06b
0.82±0.02a
1.78±0.04b
2.97±0.04b
1.72±0.03b
2.41±0.06b
1.13±0.03a
0.43±0.02ab
39.05±0.88b

A. pullulans
1.64±0.01e
2.31±0.03b
0.82±0.00a
1.66±0.03c
2.89±0.02c
1.90±0.01a
2.69±0.02a
0.87±0.01d
0.41±0.00abc
35.19±0.16c

N. crassa
1.89±0.01a
2.55±0.00a
0.83±0.01a
1.97±0.01a
3.18±0.01a
1.92±0.01a
2.63±0.02a
1.07±0.00b
0.45±0.00a
40.54±0.30ca

Fungi
A. niger
1.54±0.01f
2.23±0.00b
0.77±0.01bc
1.65±0.01c
2.68±0.00d
1.64±0.01c
2.03±0.01d
0.80±0.00e
0.38±0.01c
32.53±0.14d

A.p + N.c
1.85±0.01ab
2.49±0.01a
0.83±0.01a
1.89±0.01a
3.16±0.00a
1.89±0.00a
2.67±0.00a
0.94±0.01c
0.40±0.00bc
39.61±0.04ab

A.p + A.n
1.80±0.01c
2.33±0.03b
0.74±0.01c
1.73±0.02bc
2.88±0.02c
1.75±0.01b
2.29±0.02c
0.78±0.01e
0.37±0.01c
35.67±0.11c

N.c + A.n
1.71±0.00d
2.33±0.01b
0.80±0.01ab
1.76±0.00c
2.82±0.00c
1.72±0.01b
2.22±0.00c
0.87±0.00d
0.43±0.01ab
35.98±0.08c

Mean ± standard deviation, significant differences (p≤0.05) among different group for each amino acid are indicated by small case letter superscripts.
A.p: A. pullulans; N.c: N. crassa; A.n: A. niger; *: essential and non-essential amino acid.
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7.4.5. Protein Content of Fermented Supernatant
The fermentation of recovered supernatant resulted in more concentrated protein
compared to uninoculated control (Figure 7.2). A. pullulans showed the highest protein
content (48.4%) followed N. crassa (44.1%) and A. niger (44.0%) compared to
uninoculated control (36.1%). This increase in protein content was attributed to conversion
of soluble sugars into cell protein mass (Zahler et al., 2018).

Culture

Solid recovery, (g, db)
Control
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A. niger
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b
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Protein, (%, db)
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Figure 7.2: Protein content of the supernatant after 120 h of fermentation with different
microbes. Significant differences (p≤0.05) among different cultures are indicated by
letter.

7.4.6. Protein Digestibility
The protein ADC of washed canola (86.1%, Table 7.7) was similar to that of raw
canola (81.0%), partly because one of its replicates was much lower than the other two.
The protein ADC of raw canola is higher than what was reported by Barrows and Sealey
(2015) (75%), but lower than for Mwachireya et al. (1999) (88.1%) and Cheng and Hardy
(2002) (94.8%). However, the differences in protein ADCs of canola meal reported above
cannot be explained by differences in the diet manufacturing process (Cheng and Hardy,
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2003; Booth et al., 2000) because the diet used by (Barrows and Sealey, 2015) was cookextruded, unlike diets in other studies that were cold pressed. Earlier studies reported that
washing improved protein (White, 2017) and amino acid (Kasiga et al., 2021) ADCs of
diets containing soybean meal and carinata meal, respectively; subsequently resulting in
improvement in fish growth (Kasiga et al., 2021; White, 2017). However, in these studies,
the meals were washed twice, and a lower solid loading rate was used. These two factors
ensure more removal of solubles containing some ANFs that likely reduce nutrient
digestibility.
Table 7.7: Apparent protein digestibility coefficients (ADC, %) of hexane extracted canola
meal (HECM) and washed HECM
Meal

ADCs (%)

HECM

80.98±3.77

Washed HECM

86.09±5.07

P. value

0.4638

7.5. Conclusion
This study was designed to explore the effects of mild water washing pretreatment
and mono-/co-culture fermentation on the ANFs of HECM and its protein digestibility to
diversify its market utilization. A mild washing step improved the nutritional
characteristics of HECM by removing significant amounts of soluble sugars, while
concentrating protein and amino acid content. Though mild wash of HECM slightly
improved protein digestibility when it was fed to rainbow trout as compared to untreated
HECM, improvement was statistically insignificant. Fungal fermentation of washed
HECM and untreated HECM further improved their nutritional characteristics. Mono- and
co-culture fermentations improved protein and total amino acid levels as compared to the
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uninoculated controls. The reduction of GLS, phytic acid, crude fiber, and soluble sugar
level was achieved by using fungi in mono- and co-culture fermentations. A short water
wash followed by fungal fermentation improves the nutritional characteristics of HECM
providing a protein rich feed ingredient with significantly low level of ANFs. Further
optimization of pretreatment process (temperature, pH, mixing time, etc.) and fungal
fermentation growth conditions (inoculum size, pH, temperature, etc.) can help improve
HECM as a feed ingredient. Currently additional research is underway to optimize the
process and determine the protein digestibility of fermented HECM on fish.
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Chapter 8. Estimation of Cellulase Production by Aureobasidium pullulans,
Neurospora crassa, and Trichoderma reesei during Solid and Submerged State
Fermentation of Raw and Processed Canola Meal Ϯ
Ϯ
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Processed Canola Meal. Bioresource Technology Reports. DOI: https://doi.org/10.1016/j.biteb.2022.101063

8.1. Abstract
In this study, cellulase, endoglucanase, and β-glucosidase activity produced by
three fungal strains (Aureobasidium pullulans, Neurospora crassa and Trichoderma
reesei) were determined on three differently processed canola substrates [hexane extracted
canola meal (HECM), washed HECM (WHECM), and canola seed sprout meal (CSM)] in
mono- and co-culture fermentation under solid- and submerged- state processes. Results
showed that the co-culture inoculation yielded better results as compared to the
monocultures except for T. reesei which yielded the highest β-glucosidase activity in
WHECM (440.02 U/g). Co-cultures of A. pullulans + N. crassa had the highest cellulase
activity in CSM (1.89 FPU/g), and WHECM (1.22 FPU/g); and the maximal
endoglucanase activity at (HECM, 2.67 U/g), (CSM, 3.69 U/g) and (WHECM, 3.21 U/g).
These results highlight the impact of various conditions on microbial enzymatic activities,
and the need of strategically designed fermentation process for optimal cellulase activities
to achieve maximal fiber degradation in canola meal.
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8.2. Introduction
Canola meal (CM), a protein-rich (~42, dry basis) by-product of canola oil
extraction process (Alhomodi et al., 2021a), is used mostly as an animal feed supplement
in swine, poultry, ruminant or aquaculture. It is produced in large volumes and has potential
to be a food grade protein (Wanasundara et al., 2017; Wanasundara et al., 2016). However,
there are no reports on industrial use of this material as a source of food protein ingredients,
which indicates the lack of efficient technologies for the extraction of CM proteins.
Additionally, the use of CM in feed is also limited at low levels (10 to 30% inclusion rates)
due to the presence of undesirable components [glucosinolates (GLS), phytic acid, high
fiber contents, etc.] (Wu and Muir, 2008; Yoshie-Stark et al., 2008). Therefore, majority
of CM remains unused and hence considered as the low-priced commodity. In recent times,
the demand of plant-based proteins in animal and human diet has increased, and therefore
wide range of technologies have been explored to improve the quality and the subsequent
use of CM proteins (Alhomodi et al., 2021c; Ismail et al., 2020; Croat et al., 2017). The
successful outcomes of these attempts are expected to not only increase the price and value
of CM but would also become an alternative to soybean meal protein which continues to
dominate the plant protein market. Among all, fermentation technology has a potential
opportunity to improve the nutritional quality of CM. Reportedly, fermentation of CM with
filamentous fungi effectively reduces the majority of antinutritional factors (ANFs) to low
levels except fiber (Alhomodi et al., 2021a; Croat et al., 2016a; Croat et al., 2016b). High
fiber is attributed to mostly seed hulls as hulls are kept intact during oil extraction process
of canola (CCC, 2019). The lignocellulosic nature of the fiber was difficult to degrade even
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with the application of pretreatment (hot water, mild chemical pretreatment, extrusion, etc.)
prior to fungal fermentation (Croat et al., 2017).
Moreover, the extent of fiber degradation of CM during fermentation varies greatly
among the published studies. According to Croat et al. (2016a), solid state fermentation
(SSF) of raw and processed CM using different microorganisms including Aureobasidium
pullulans and Trichoderma reesei showed no fiber reduction, while Alhomodi et al.
(2021a) reported 28.9 and 33.3% fiber reduction in CM by Neurospora crassa and the coculture of A. pullulans and N. crassa under SSF, respectively. Another study by Alhomodi
et al. (2022b), showed different fiber reduction of raw CM and washed CM fermented by
A. pullulans, N. crassa and Aspergillus niger and their co-cultures under submerged
fermentation (SmF). According to (Alhomodi et al., 2021c), SSF of canola sprouts showed
6.1% decrease in crude fiber by A. pullulans while N. crassa and T. reesei exhibited no
fiber reduction. But when similar fungi were grown on canola sprouts under SmF, N. crassa
showed 6.6% fiber reduction while no fiber decrease was seen by A. pullulans and T. reesei
(Alhomodi et al., 2021b). All these observations led to the assumption that cellulolytic
activities of the tested microorganisms were likely governed by various factors (substrate
type, fermentation conditions, etc.), and therefore same microbe yielded different degree
of fiber reduction. The conversion of fibers into simple sugars during fermentation would
require the microorganisms to produce three different enzymes that are collectively named
as cellulases (exoglucanase, endoglucanase, and β-glucosidase), and lack of any one of
them would result in the partial or no degradation of fibers. Hence, estimating the cellulase
production during fermentation of CM under various processing conditions would generate
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the knowledge that can be implemented to advance fermentation technology needed for
upgrading the CM.
The present work determines the cellulase activities (cellulase, endoglucanase, and
β-glucosidase) of three fungal strains (A. pullulans NRRL-Y-2311-1, N. crassa NRRL2332 and T. reesei ATCC 24449) cultivated on three differently processed canola
substrates [hexane extracted canola meal (HECM), washed HECM, and canola seed sprout
meal (CSM)] under solid- and submerged- state fermentations, putting special emphasis on
fermentation as an efficient technology for fiber degradation. Hence, the objective of this
study was to determine the fungal enzymatic activities on (a) three different canola
substrates; (b) two different fermentation systems (solid vs submerged); (c) monoculture
process of A. pullulans, N. crassa and T. reesei; and (d) co-culture process of (A. pullulans
+ N. crassa). Co-culture of

A. pullulans and N. crassa was only tested as these

microorganisms were found to be the ideal combination for CM fiber reduction as
compared to their combination with T. reesei (Alhomodi et al., 2021a). All the
microorganisms used in this study are generally regarded as safe (GRAS).
8.3. Materials and Methods
8.3.1. Chemicals
The Pierce™ Coomassie Plus (Bradford) Assay Kit and Amplex® Red
Glucose/Glucose Oxidase Assay Kit were purchased from Thermo Fisher Scientific Inc.
(Waltham, Massachusetts, USA).
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8.3.2. Preparation of Different Canola Substrates
8.3.2.1. Hexane Extracted Canola Meal (HECM)
HECM was received from ADM/Specialty Commodities LLC (Fargo, North
Dakota, USA). HECM was ground using Krups coffee grinder (Solingen, Germany) and
stored in air-tight container at room temperature (~22 °C) until use.
8.3.2.2. Washed Canola Meal
In 200 mL centrifuge bottle, 20 g of HECM was mixed in 100 mL deionized water
at room temperature (~22 °C) for 2 min using a spatula. The slurry was centrifuged at
10,000 g for 10 min at 23 °C. Total amount of solid fraction as recovered was weighed and
oven dried (60 °C/24 h) while liquid fraction was discarded. The dried solid was ground
and stored at room temperature (~22 °C) in a tightly sealed container. CM was washed in
triplicate.
8.3.2.3. Canola Seed Sprout Meal Preparation
Canola seeds were obtained from ADM/Specialty Commodities LLC (Fargo, North
Dakota, USA) and stored in a sealed container at room temperature (~22 °C) throughout
experiment period. Details of CSM preparation can be found in previous work by
Alhomodi et. al. (2022a). Briefly, canola seed (50 g) were soaked in water (800 mL) at
room temperature (~22 °C) for 24 h. At the end of soaking, excess water was drained, and
seeds were placed in a 1 L round wide-mouth Pyrex glass bottles and covered with
cheesecloth. The bottles were then incubated at room temperature (~22 °C) for 72 h with
periodic moisture addition during incubation. At the end of sprouting period, hulls were
removed partially using water and then dried in an oven at 50 °C for 24 h. The dried sprouts
then were ground using Krups coffee grinder (Solingen, Germany) and defatted via a pilot
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scale solvent extraction unit (model FT29, Armfield Ltd, Hampshire, England). The
obtained defatted canola sprout meal was stored in sealed buckets at room temperature
(~22 °C). Multiple set of sprouting experiments were conducted to produce 2 kg of CSM
and mixed prior to defatting CSM for further use as substrate for fungal fermentation.
8.3.3. Inoculum Preparation for Mono- and Bi-culture Incubation
Fungal strains, Aureobasidium pullulans (NRRL-Y-2311-1), Neurospora crassa,
(NRRL-2332) and Trichoderma reesei (ATCC 24449) were acquired from the National
Center for Agricultural Utilization Research (Peoria, Illinois, USA). Eight mm plug of 5day fungal colonies grown on potato dextrose agar were transferred into 100 mL defined
medium (GYE) (5% glucose and 0.5% yeast extract). The inoculated GYEs were used as
inocula after 48 h incubation in rotary shaker (30 °C/150 rpm).
8.3.4. Submerged Fermentation of HECM, Washed HECM, and Canola Seed Sprout
Meal
Submerged fermentation (SmF) was performed in 250 mL Erlenmeyer flasks with
a working volume of 100 mL and solid loading rate of 10% on dry basis. The pH was
adjusted to (~5.5). All flasks were autoclaved (121 °C for 20 min) and then inoculated with
1 mL (48-h) culture of respective microbe. Whereas for the co-culture (A. pullulans + N.
crassa), 0.5 mL of each microbe was used as the inoculum. The co-cultures of T. reesei
either with A. pullulans or N. crassa were excluded from this study due to the low levels
of fiber reduction with these combinations as compared to A. pullulans and N. crassa
(Alhomodi et al., 2021a). All flasks in triplicates were incubated in rotary shaker at 30 °C
/150 rpm for 120 h.
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8.3.5. Solid State Fermentation of HECM, Washed HECM, and Canola Seed Sprout
Meal
Solid state fermentation (SSF) was conducted in 250 mL wide mouth Erlenmeyer
flasks at 1:1 solid to water ratio on w/w basis (10 g solids mixed with 10 mL of water) and
pH of ~5.5. All flasks were heat-sterilized (121 °C/20 min). Monoculture flasks were
inoculated with 1 mL of 48 h inoculum, whereas co-culture flasks (A. pullulans + N.
crassa) were inoculated with 0.5 mL of 48 h cultures of respective microbes. SSF was
continued for 168 h at 30 °C in a static incubator (Lab-line 3526 orbital incubator shaker).
8.3.6. Preparation of Crude Enzyme Extract for Enzyme Assays
There is slight difference in the way crude enzyme extract were prepared for
submerged- and solid-state fermentations. For instance, at the end of SmF, the whole
content of flask was centrifuged at 10,000 g for 10 min at 4 °C. The supernatant recovered
was used as crude enzyme for enzyme assays, whereas the solids recovered were dried at
80 °C for 48 h using an oven. While at the end of SSF, 50 mL of 0.05 M citrate buffer was
added to fermented meal and then placed in rotary shaker at 30 °C/200 rpm for 30 min.
Thereafter, the contents of flasks were processed as mentioned above in SmF, and the
supernatant recovered was used as crude enzyme.
8.3.7. Analytical Assays
8.3.7.1. Determination of Protein Content
Crude protein for solid was determined using a LECO model FP528 (St. Joseph,
MI, USA). Firstly, the total emitted nitrogen gas of combusted samples (0.2490~0.2500g)
was measured and used for determining total protein content by using a conversion factor
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of 6.25. While the protein content of the supernatant was quantified using Pierce™
Coomassie Plus (Bradford) Assay Kit.
8.3.7.2. Determination of Enzyme Activity
8.3.7.2.1 Cellulase Activity
Filter paper assay (FPA) (Ghose, 1987) was used to measure cellulase activity. A
1.0×6.0 cm Whatman No. 1 paper strip was prepared as substrate for testing the cellulase
activity present in crude enzyme. In a test tube, a rolled filter paper strip, 1.0 mL of 0.05
M citrate buffer, and 0.5 mL of tested crude enzyme were added together. Then, the tube
was incubated in water bath at 50 °C for exactly 60 min. After incubation, 3 mL of
dinitrosalicylic acid (DNS) (Miller, 1959) was added to test samples, blanks, controls and
standards. All tube samples were then placed in boil bath for 5 min followed by ice bath to
stop the reaction. After that 0.2 mL of each sample was diluted into 2.5 mL of deionized
water (dH2O) and then 0.3 mL of each sample was placed into 96 well plate. The
absorbance of samples was measured at 540 nm using synergy 2 MicroPlate Reader.
To determine the activity of endoglucanase in obtained crude enzyme, the
endoglucanase (CMCase) assay was used as described by Ghose (1987). In a test tube, 0.5
mL of 2% carboxymethyl cellulose solution and 0.5 mL of tested enzyme were mixed and
followed by water bath incubation at 50 °C for 30 min. After incubation, all tubes (test
samples, blanks, controls, and standards) followed same procedures mentioned in cellulase
assay.
β-glucosidase activity was measured using a Ghose (1987) method. A test tube with
1.0 mL of 0.015 M cellobiose and 1.0 mL 0.05 M citrate buffer was incubated in water
bath at 50 °C for 30 min. At the end of incubation, all tubes (test samples, blanks, controls,
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and standards) were placed in boiling water bath to stop the reaction. The reducing sugar
in the reaction then was measured using Amplex® Red Glucose/Glucose Oxidase Assay
Kit.
In all above enzyme assays, the enzyme activity (U) was defined as the amount of
enzyme required to release 1 µmol of glucose per minute under each assay condition.
8.3.8. Statistical Analysis
Microsoft® Excel® for Office 365 MSO 64-bit and R version 1.2.5001 (Boston,
MA) were used in the statistical analysis. The statistically significant differences among
variances determined by one-way ANOVA at p ≤ 0.05 level of significance.
8.4. Results and Discussions
8.4.1. Cellulase Activity under Submerged State Fermentation
Table 8.1 shows the enzymatic activity (cellulase, CMCase, and β-glucosidase) of
single and mixed cultures of fungi on different CM substrates (HECM, CSM and
WHECM) during 120 h of submerged incubation. CM contains significant level of soluble
proteins and sugars, and therefore enzyme assay (which essentially measures the free
glucose present in the extract) of uninoculated control gave the false positive enzyme
activity. To determine the true enzyme activity of microbes in the CM, enzyme activity of
fermented samples was reported by subtracting the enzyme activity of uninoculated
control.
In HECM, N. crassa showed the highest cellulase activity (0.26 FPU/g) followed
by A. pullulans (0.24 FPU/g) while T. reesei and co-culture of A. pullulans + N. crassa
showed the least cellulase activity of 0.19 FPU/g (Table 8.1). When fungi were grown on
CSM, A. pullulans exhibited maximal cellulase activity (0.32 FPU/g) followed by co-
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culture of A. pullulans + N. crassa (0.31 FPU/g), but N. crassa alone did not produce
cellulase, and T. reesei had minimal cellulase activity (0.08 FPU/g). Reportedly, pure
cellulose is a strong inducer of cellulases (Bischof et al., 2013), thus high fiber containing
substrates can be better suited for the cellulase production. As majority of the hull fractions
were removed from the CSM during processing, it is primarily composed of low levels of
insoluble fibers and high level of soluble sugars (Alhomodi et al., 2022a), which likely are
the contributing factors for the low levels of cellulases in CSM. Unlike N. crassa forming
dispersed mycelia and T. reesei forming dispersed pellet in submerged fermentation, A.
pullulans being single celled yeast, has homogenous growth, and more access to the
substrates during orbital shaking incubation, thereby inducing cellulase production. In
WHECM, N. crassa presented the highest cellulase level (0.80 FPU/g) followed by A.
pullulans (0.34 FPU/g), A. pullulans + N. crassa (0.17 FPU/g) and T. reesei (0.14 FPU/g).
The high levels of cellulases in WHECM compared to HECM and CSM can be attributed
to the composition of WHECM, where fibers were concentrated due to the removal of
soluble components including sugars (Alhomodi et al., 2022b). For CMCase activity, A.
pullulans exhibited the maximal activity of 2.27, 3.17 and 3.09 U/g in HECM, CSM and
WHECM, respectively compared to other microbial cultures. Thus, A. pullulans cultivated
on CSM would be the best for endoglucanase production. For β-glucosidase activity, the
co-culture of A. pullulans and N. crassa showed the highest activity at 302.56 U/g in
HECM, subsequent by A. pullulans at 87.36 U/g, whereas N. crassa and T. reesei had
activity of 2.64 and 2.46 U/g, respectively. In CSM, the β-glucosidase activity was at the
highest with the co-culture of A. pullulans + N. crassa (229.32 U/g) followed by A.
pullulans (60.37 U/g), N. crassa (27.54 U/g) and T. reesei (24.16 U/g). The highest β-
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glucosidase activity in WHECM was achieved by the co-culture of A. pullulans + N. crassa
at 177.18 U/g followed by A. pullulans (156.45 U/g), N. crassa (58.36 U/g) and T. reesei
(43.88 U/g). Among all canola processed substrates and cultures, the co-culture of A.
pullulans + N. crassa and HECM were the best combination of cultures and growth
medium for β-glucosidase production. These observations led to the conclusion that single
cell fungi such as A. pullulans can perform better in terms of enzymatic production over
filamentous fungi in submerged fermentation, besides the structural and or compositional
characteristics of the substrates can greatly influence the cellulase induction during
fermentation.
Table 8.1: Enzyme activity of mono- and co-culture under submerged fermentation
Enzymes
Cellulase
(FPU/g)
CMCase
(units/g)
β-glucosidase

(units/g)

Processed
substrate
HECM
CSM
WHECM
HECM
CSM
WHECM
HECM
CSM
WHECM

A. pullulans
0.24±0.12aA
0.32±0.10aA
0.34±0.05aA
2.27±0.43aB
3.17±0.22aA
3.09±0.33aAB
87.36±2.00bB
60.37±9.05aC
156.45±5.73aA

Culture
N. crassa
T. reesei
0.26±0.05aAB
0.19±0.04aA
0.00±0.00cB
0.08±0.07bcA
aA
0.80±0.54
0.14±0.07aA
0.67±0.42bB
0.62±0.08bB
bAB
1.08±0.40
1.27±0.11bA
abA
2.17±0.74
1.20±0.18bcA
2.64±0.38cB
2.46±1.82cB
aAB
27.54±18.61
24.16±13.07aAB
bcA
58.36±9.57
43.88±10.24cA

A.p+N.c
0.19±0.32aA
0.31±0.13abA
0.17±0.16aA
0.54±0.05bB
1.22±0.18bA
0.45±0.01cB
302.56±0.17aA
229.32±20.33aB
177.18±4.12abC

Mean ± standard deviation. Lowercase letters signify significance among cultures for each substrate
at (p≤0.05). Uppercase letters signify significance among substrates for each fungus at (p≤0.05).
HECM: hexane extracted canola meal; CSM: canola sprout meal; WHECM: washed hexane
extracted canola meal; A.p+N.c: A. pullulans + N. crassa.

8.4.2. Protein Content in Liquid and Solid Fraction under Submerged State
Fermentation
Unlike reportedly used cellulosic substrates fortified with minerals and inorganic
nitrogen for cellulase production, HECM, WHECM and CSM are protein rich substrates
with protein content of 42.86, 43.81 and 43.44%, respectively. The protein content of those
canola derived substrates has been reported to further increase when subjected to microbial
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fermentation due to microbial metabolism of carbohydrates and removal of soluble
components (Alhomodi et al., 2021a; Alhomodi et al., 2021b; Alhomodi et al., 2021c).
Figures 8.1 and 8.2 show the protein content of the liquid and solid fraction
separated by centrifugation from mono- and co-fermented processed substrates (HECM,
CSM and WHECM), respectively under submerged incubation. In HECM (Figure 8.1), the
co-culture of A. pullulans + N. crassa showed the higher protein content in the liquid
fraction (19.49 mg/g) compared to A. pullulans (13.98 mg/g), N. crassa (2.30 mg/g) and T.
reesei (1.11 mg/g). In return, the protein content of HECM in solid fraction (Figure 8.2)
showed T. reesei with the highest protein content (48.6%) followed by co-culture of A.
pullulans + N. crassa (46.9%) and N. crassa (46.3%) while A. pullulans had least protein
at 40.5%. For protein content of CSM in liquid fraction (Figure 8.1), A. pullulans, N. crassa
and co-culture of A. pullulans + N. crassa showed close protein solubility at 14.25, 13.82,
and 14.10 mg/g, respectively, whereas T. reesei presented the least protein at 9.05 mg/g. In
contrast, T. reesei revealed maximal protein at 50.2% followed by N. crassa, co-culture (A.
pullulans + N. crassa) and A. pullulans at 50.0, 49.0 and 45.6%, respectively in the solid
fraction (Figure 8.2). The protein content of liquid fraction in WHECM (Figure 8.1) was
at the maximal (26.21 mg/g) with A. pullulans followed by co-culture of A. pullulans + N.
crassa (21.86 mg/g), N. crassa (14.82 mg/g) and T. reesei (10.68 mg/g). While in solid
fraction of WHECM (Figure 8.2), T. reesei again showed the highest protein at 49.2%
subsequent by N. crassa, co-culture (A. pullulans + N. crassa) and A. pullulans with protein
level of 48.4, 46.6 and 41.6%, consecutively. These results indicate the solubilization of
protein during fermentation can differ based on substrates and microbes used. According
to Zahler et al. (2018) the protein content of supernatant recovered by centrifugation from
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fermented sorghum hominy at 120 h was lower with T. reesei compared to N. crassa and
A. pullulans, whereas T. reesei had higher protein content in solid fraction compared to
other fungi. Similarly, the separation of liquid from solid fraction of 120 h fermented
canola seed sprout showed lower protein in liquid but higher in solid with T. reesei
compared to other microbes (Alhomodi et al., 2021b).
Regardless the level of protein present in the liquid fraction used as crude enzyme,
there was no positive correlation between enzyme activity and protein content when
comparing protein level (Figure 8.1) with enzymatic activity (Table 8.1). Nevertheless, this
study is focused on cellulolytic enzymes, it is critical to highlight the other possible
enzymes that can play role in fermentation process such as proteases. The high soluble
protein present in liquid fraction indicates the high protease activity, which might reduce
the cellulase activity. According to Qian et al. (2019) a rapid decline in cellulase activity
of Trichoderma reesei was seen at late cultivation stages (>120 h) when using corn steep
liquor as nitrogen source compared to (NH4)2SO4. The researchers attributed the cellulase
reduction to the high protease activity. Thus, using substrate with suitable protein level,
hydrolyzed protein, or non-protein nitrogen sources could avoid this phenomenon.
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Figure 8.1: Protein content in the supernatant of mono- and co-culture under submerged
fermentation. Uppercase letters signify significance among cultures for each substrate
at (p≤0.05). A.p+N.c: A. pullulans + N. crassa.
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Figure 8.2: Crude protein in the pellet of mono- and co-culture under submerged
fermentation. Uppercase letters signify significance among cultures for each substrate
at (p≤0.05). A.p+N.c: A. pullulans + N. crassa.

8.4.3. Enzyme Activity under Solid State Fermentation
Table 8.2 shows the enzymatic activity (cellulase, endoglucanase, and βglucosidase) of mono- and co-culture in HECM, CSM and WHECM under solid state
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incubation. The highest cellulase activity in HECM was seen with N. crassa at 0.82 FPU/g
followed by its incubation with A. pullulans at 0.73 FPU/g while A. pullulans alone and T.
reesei showed lower activity at 0.10 and 0.07 FPU/g, respectively. In CSM, co-culture of
A. pullulans + N. crassa produced higher cellulase at 1.89 FPU/g as compared to individual
fungi (N. crassa, 1.44 FPU/g), (A. pullulans, 0.28 FPU/g) and (T. reesei, 0.12 FPU/g).
Cellulase activity of co-culture of A. pullulans + N. crassa again showed the maximal in
WHECM at 1.22 FPU/g, whereas N. crassa alone came second with 0.89 FPU/g followed
by A. pullulans (0.19 FPU/g) and T. reesei (0.17 FPU/g). Compared to N. crassa cellulase
production in SmF (Table 8.1), N. crassa showed better cellulase activity in SSF (Table
8.2), which indicates the effect of fermentation system on fungal performance. In addition,
co-culture of A. pullulans + N. crassa showed higher cellulases in all processed canola
substrates in SSF (Table 8.2) compared to SmF (Table 8.1). Ensuring the ability of cocultured fungi to perform well in both fermentation modes (SmF and SSF) could help in
better synergistic relationship, thereby higher cellulase. The low level of cellulase seen in
SmF (Table 8.1) was attributed to morphological growth of N. crassa (dispersed mycelia)
compared to A. pullulans (single cell). However, the better performance of co-culture in
SSF is due the ability of both fungi to grow on solid substrate. Especially, A. pullulans
(yeast like fungi) that can be adapted to both fermentation modes because of its ability to
show different morphological growth based on cultivation modes (septate filaments, large
chlamydospores, and yeast-like cell) (Chi et al., 2009). For endoglucanase, co-culture of
A. pullulans and N. crassa presented the highest CMCase in (HECM, 2.67 U/g) followed
by A. pullulans (2.24 U/g), N. crassa (1.89 U/g) and T. reesei (1.78 U/g). Similarly, coculture of A. pullulans + N. crass produced maximal CMCase in CSM at 3.69 U/g,
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subsequent by A. pullulans, N. crassa and T. reesei at 2.70, 2.47 and 1.08 U/g, respectively.
Again, co-culture of A. pullulans and N. crassa had highest endoglucanase activity (3.21
U/g) in WHECM, while lower activities were achieved by N. crassa (1.80 U/g), A.
pullulans (1.62 U/g) and T. reesei (1.35 U/g). These data highlighted the importance of coculture of A. pullulans + N. crassa in producing higher endoglucanase compared to
monoculture even when grown on different processed substates. It is reported that the high
sugar level causes feedback inhibition of cellulolytic enzyme (Bader et al., 2010), thus the
high seen level of endoglucanase might indicate the high rate of sugar consumption by
fungi which shows the advantage of co-culture in preventing the accumulation of simple
sugar. For β-glucosidase activity, the co-culture of A. pullulans + N. crassa exhibited much
higher activity at 180.74 U/g in HECM compared to A. pullulans (94.64 U/g), N. crassa
(18.09 U/g) and T. reesei (3.02 U/g). Similarly, in CSM, the co-culture of (A. pullulans +
N. crassa) showed superiority in β-glucosidase activity at 220.58 U/g compared to
monoculture (A. pullulans, 128.00 U/g), (N. crassa, 190.84 U/g) and (T. reesei, 203.72
U/g). But in WHECM, the highest β-glucosidase activity was achieved with T. reesei at
440.02 U/g followed by co-culture (A. pullulans + N. crassa), A. pullulans, and N. crassa
at 348.57, 332.63 and 216.64 U/g, respectively. WHECM showed better suitability for βglucosidase production with all cultures compared to other canola processed substrates.
The removal of soluble sugars during mild pretreatment in WHECM could be a reason of
forcing the fungi to produce β-glucosidase to cleave cellobiose, liberated by the combined
action of endoglucanase and exoglucanase on cellulose (Foreman et al., 2003), into glucose
for growth. In comparison to previous reports (Table 8.3), the high detectable enzymatic
activity (cellulase, endoglucanase and β-glucosidase) can be attributed to the substrate
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composition and microbes used. It is evident from the literature that the enzyme activity is
largely governed by the substrate composition and microbe used. Unlike reportedly used
low protein lignocellulosic substrates supported by inorganic nitrogen prior to
fermentation, canola derived substrates (WHECM, CSM, and HECM) are nutrient rich
substrates with high organic protein content and mixture of carbohydrates (poly-, oligoand mono-saccharides), that can provide a complete set of nutrients for microbial growth
and induce the cellulolytic enzymes. According to Brijwani et al. (2010), T. reesei (ATCC
26921) produced 6.55 FPU/g, which was higher than the used T. reesei (ATCC 24449) in
this study; however, authors indicated that T. reesei (ATCC 26921) produces 1.5-2.0 times
higher cellulase on cellulose medium compared to strain T. reesei (ATCC 24449) used in
this study. According to Chakraborty et al. (2016), the carbon and nitrogen sources had
significant effect on cellulase, endoglucanase and β-glucosidase activity of Trichoderma
sp. RCK65. In their study, the maximum cellulase (41.09 U/g substrate), endoglucanase
(149.64 U/g substrate) and β-glucosidase (106.27 U/g substrate) by Trichoderma sp.
RCK65 was achieved when the wheat bran was supported by 2.4% soybean meal (soybean
oil process byproduct) as organic nitrogen source. Similarly, Vieira et al. (2021) reported
maximum cellulase activity (FPase 2.45 U/mL; CMCase, 6.86 U/mL) after 60 h when
soybean meal was used as a non-synthetic nitrogen sources. However, the present study
used 100% canola processed substates (WHECM, CSM, and HECM), which may explain
the high enzymatic activities as compared to the reported values during SSF.
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Table 8.2: Enzyme activity of mono- and co-culture under solid state fermentation
Enzymes
Cellulase
(FPU/g)
CMCase
(U/g)
β-glucosidase
(U/g)

Processed
substrate A. pullulans
HECM
0.10±0.04bB
CSM
0.28±0.06cA
WHECM 0.19±0.05bAB
HECM
2.24±0.30aB
CSM
2.70±0.05bA
WHECM 1.62±0.05bC
94.64±1.89dB
HECM
128.00±3.24bB
CSM
WHECM 332.63±5.99abA

Culture
N. crassa
T. reesei
aB
0.82±0.28
0.07±0.01bA
1.44±0.20bA
0.12±0.04cA
0.89±0.18aAB
0.17±0.08bA
1.89±0.08aB
1.78±0.59aA
bA
2.47±0.23
1.08±0.31cA
1.80±0.26bB
1.35±0.07bA

A.p+N.c
0.73±0.08aC
1.89±0.17aA
1.22±0.21aB
2.67±0.14aB
3.69±0.24aA
3.21±0.22aA

18.09±1.12cB

3.02±1.11bC

180.74±19.82aA

190.84±12.24abA

203.72±6.28aB

220.58±8.65abA

216.64±17.23bA

440.02±6.18aA

348.57±15.27abA

Mean ± standard deviation. Lowercase letters signify significance among cultures for each substrate
at (p≤0.05). Uppercase letters signify significance among substrates for each fungus at (p≤0.05).
HECM: hexane extracted canola meal; CSM: canola sprout meal; WHECM: washed hexane
extracted canola meal; A.p+N.c: A. pullulans + N. crassa.
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Table 8.3: Comparison of cellulase productions on different substrates and microbes
Substrate

Microbe

Parameters

Cellulase

Beta

Endo

Boiled bagasse syrup + wheat bran
based

T. reesei #NCIM 1186

SSF, 10 days

5.07 IU/mL

-

-

Boiled bagasse syrup + wheat bran
based

N. crassa #NCIM 1021

SSF, 10 days

2.41 IU/mL

-

-

T. reesei #NCIM 1186

SSF, 6 days

4.0 IU/mL

-

-

T. reesei #ATCC 26921

SSF, 4 days

6.55 FPU/g

6.30 U/g

60.17 U/g

Trichoderma asperellum
UC1

SSF, 7 days

26.03 U/g

130.09 IU/g

136.16 IU/g

Wheat bran + 2.4% soybean meal

Trichoderma sp RCK65

SSF, 3 days

41.09 U/g

106.27 U/g

149.64 U/g

Wheat bran + mineral salt solution

Inonotus obliquus

SSF, 7 days

3.16 IU/g

2.53 IU/g

27.15 IU/g

Sugarcane bagasse

A. pullulans LB83

SmF, 3 days

2.27 U/mL

-

7.42 U/mL

Washed hexane extracted canola meal

A. pullulans

SSF, 7 days

0.19 FPU/g

332.63 U/g

1.62 U/g

Washed hexane extracted canola meal

N. crassa

SSF, 7 days

0.89 FPU/g

216.64 U/g

1.80 U/g

Washed hexane extracted canola meal

T. reesei

SSF, 7 days

0.17 FPU/g

440.02 U/g

1.35 U/g

Luffa cylindrica peel waste + Normal
basal salt media
Soybean hulls and wheat bran in a 4:1
ratio
Oil palm frond leaves+ Mendel
medium

Reference
(Verma and
Kumar,
2020)
(Verma and
Kumar,
2020)
(Verma et
al., 2018)
(Brijwani et
al., 2010)
(Ezeilo et al.,
2019)
(Chakraborty
et al., 2016)
(Xu et al.,
2018)
(Vieira et al.,
2021)
Present
study
Present
study
Present
study

Beta: β-glucosidase; Endo; endoglucanase. -: not reported.
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8.4.4. Protein Content in Liquid and Solid Fraction under Solid State Fermentation
Figures 8.3 and 8.4 present the protein content in liquid (crude enzyme by 50 mL
of 0.05 M citrate buffer) and solid of mono- and co- fermented processed substrates
(HECM, CSM, and WHECM), respectively under solid state fermentation. The co-culture
of A. pullulans + N. crassa solubilized more protein at 27.75 mg/g than monoculture of A.
pullulans (11.26 mg/g), N. crassa (12.57 mg/g) and T. reesei (2.09 mg/g) in HECM (Figure
8.3). In solid fraction of HECM (Figure 8.4), co-culture of A. pullulans + N. crassa showed
maximal protein of 44.2% while A. pullulans came second with 42.3% followed by T.
reesei (41.1%) and N. crassa (40.5%). Co-culture of A. pullulans + N. crassa again
presented higher protein content 26.89 mg/g in CSM (Figure 8.3) compared to A. pullulans
(13.30 mg/g), N. crassa (20.38 mg/g) and T. reesei (7.62 mg/g). While in the solid fraction
of CSM (Figure 8.4), N. crassa had the highest protein (56.9%) followed by co-culture of
A. pullulans + N. crassa (54.8%), T. reesei (47.9%) and A. pullulans (46.2%). In liquid
fraction of WHECM (Figure 8.3), co-culture of A. pullulans + N. crassa exhibited the
highest protein as well at 29.00 mg/g followed by N. crassa, A. pullulans and T. reesei at
20.07, 12.68 and 11.20 mg/g, respectively, but in the solid fraction (Figure 8.4), co-culture
of A. pullulans + N. crassa exhibited maximal protein level (47.2%) followed by N. crassa
(46.8%), A. pullulans (44.5%) and T. reesei (42.8%). Unlike submerged fermentation, the
high protein seen in solid fractions is due to the dry matter loss during solid state
fermentation where fungi metabolize carbohydrates into carbon dioxide (Tabacco et al.,
2011). Whereas the high protein presents in liquid is attributed to solubilization of protein
because of fungal proteases and low amount of buffer used (50 mL) for protein extraction,
which led to concentrated protein in the obtained liquid.
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Figure 8.3: Protein content in the supernatant of mono- and co-culture under solid state
fermentation. Uppercase letters signify significance among cultures for each substrate
at (p≤0.05). A.p+N.c: A. pullulans + N. crassa.
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8.5. Conclusion
This study indicates that fungi (yeast and filamentous), substrates, fermentation
systems (solid and submerged state processes), and type of inoculation (mono- and cocultures) can play crucial role in affecting cellulase, endoglucanase and β-glucosidase
enzyme production. Cellulase activities were low during the CM fermentation by using
fungi for short duration (5 to 7 days). Therefore, to achieve the high level of fiber
degradation in CM, fermentation process needs to be strategically designed for maximal
cellulase activities by carefully selecting the key parameters such as microbial strains,
submerged- or solid-state fermentations, and mono- or co-culture inoculations.
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Chapter 9. Summary and Future Studies
Canola is an important oil seed crop providing seeds with about 44% oil that is
extracted for use as one of the healthiest edible oils. Processing canola seed for oil
extraction results in the production of a byproduct called canola meal (CM) that has around
42% protein on dry basis and is used for animal feed (CCC, 2019). CM has high fiber
content attributed to seed hull not removed prior to oil extraction (CCC, 2019) and contains
antinutritional factors (such as glucosinolates, phytic acid, and phenolic). Therefore, only
~30% of CM can be included in animal diet (Newkirk, 2009b). Thus, we aimed to develop
a process to diversify the use of canola via this dissertation. Throughout this dissertation,
sets of experiment were conducted on canola substrates, where various technologies
(sprouting, fermentation, pretreatments) were either applied individually or in combination
to upgrade the meal quality for its wider application. For instance, the traditional seed
sprouting process followed by submerged and solid-state fermentation; mono- and coculture solid state fermentation of hexane extracted CM (HECM); and mild pretreatment
of HECM followed by mono and co-culture submerged incubation were applied. Besides,
the cellulolytic enzyme activity (cellulase, β-glucosidase, and endoglucanase) were
estimated under all meal treatments and parameters.
Seed sprouts are known to enhance the level of essential and non-essential nutrients
(proteins, carbohydrates, vitamins, and minerals) and reduce the antinutritional factors
compared to unsprouted seed (Benincasa et al., 2019; Park et al., 2019; Santos et al., 2020).
Daily observations in compositional changes of sprouted canola seed starting from soaking
up to 144 h incubation provided insight into selecting the optimal sprouting intervals for
desirable sprout characteristics for its final use. Harvesting canola seed sprout at 72 h
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helped in removing seed hull; conserving oil content and oil profile but with undesirable
free fatty acid increase; and providing meal with high protein and amino acid and
significantly low levels of fibers and other ANFs such as phytic acid. When canola seed
sprout was harvested at 144 h, oil content and phytic acid reduced while soluble sugars,
protein, moisture and glucosinolates (GLS) increased. These data highlight the benefit of
seed sprouting as process to boost the canola desirable compositions. But long sprouting
intervals need to be avoided to conserve seed oil profile and yield. Thus, it is advisable to
optimize sprouting time to be less than three days to prevent the hydrolysis of oil thereby
avoiding the increase of free fatty acid content. In addition, at sprout harvesting time, it
was noticed some delayed sprout seeds that were difficult to dehull or separate from other
sprout hulls. Thus, it is suggested to select good quality canola seed for sprouting and apply
mechanical hull separation for efficient hull removal.
Microbial fermentation have been shown to improve the composition of different
seed sprouts such as pearl millet sprouts (Khetarpaul and Chauhan, 1990b), red cabbage
sprouts (Hunaefi et al., 2013) and buckwheat sprouts (Maejima et al., 2011). Fermentation
of 144 h canola seed sprouts using three different generally regarded as safe fungal strains
(Aureobasidium pullulans, Neurospora crassa and Trichoderma reesei) under submerged
and solid-state incubations further improved the sprout composition by concentrating
protein and reducing ANFs compared to uninoculated controls. However, fermentation was
performed on full fat sprouts as an attempt to provide full fat fermented meal as feed
ingredient. Thus, the removal of fat fraction prior to or after fermentation would further
concentrate protein content and show the effect of fermentation on oil composition. For
more efficient fermentation process and for lower fermentation cost, growth conditions
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such as pH, temperature, solid loading rate, etc. are proposed to be optimized to obtain
similar or better outcome at minimal fermentation time.
Co-culture fermentation have been used to produce many products such as
chemicals, food additives, antibiotics, enzymes, microbial biomass, etc. (Bader et al.,
2010). Co-culture solid state fermentations of hexane extracted canola meal (HECM)
enhanced the nutritional characteristics of HECM by increasing protein content and
decreasing levels of several ANFs. Mild water washing pretreatment of HECM helped in
removing significant amounts of GLS and soluble sugars while concentrating protein and
amino acid content. In addition, mild washed HECM (WHECM) had higher protein
digestibility compared to untreated HECM when fed to rainbow trout. Mono- and coculture fermentation of HECM and WHECM under submerged process further improved
protein and total amino acid levels compared to uninoculated controls besides the reduction
of GLS, phytic acid, crude fiber, and soluble sugar levels. However, for effective
exploitation of co-culture fermentation and lower processing cost, optimization of growth
conditions, subsequential inoculation, and co-culture between fungi and bacteria can be
tested to further improve meal compositions and decrease fermentation time. Also, it is
suggested to test the digestibility and palatability of fermented CM on desirable animals to
ensure the feasibility of the fermented product as feed ingredient prior to scaling up the
process.
From these previous studies data, it was noticed that same microbes yielded
different outcomes in terms of ANF reductions when they were gown on different canola
substrates and conditions. Which indicated the effect of media and growth factors on
microbial enzyme activity. Microbial enzymes have been used for a long time in various
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industries such as food, chemicals, pharmaceuticals, etc. due to their cost effectiveness and
ecofriendly properties (Singh et al., 2016). Specifically, cellulolytic enzymes have been
exploited in bioconversion of complex carbohydrates into simple sugar and produced from
fermented lignocellulose (Siqueira et al., 2020). Mono- and co-culture fermentation under
solid- and submerged- state processes of three differently processed canola substrates
(HECM, WHECM and canola seed sprout meal) resulted in various activities of cellulase,
β-glucosidase and endoglucanase which indicated the importance of preprocessing
conditions, microbial selections, and fermentation systems on microbial enzymatic
activities. In addition to aforementioned factors, growth conditions such as pH,
temperature, medium size, inoculum size, etc. can be examined at deferent levels to further
understand and evaluate their effect on fermentation process, enzymatic activity, and final
product. Further investigation on protease, phytase and myrosinase activity of fermented
CM would provide a complete insight into the correlation between enzyme activity and
CM targeted compounds.
Overall, the obtained data in this study indicates the advantages of using traditional
seed sprouting, mono-/co- fermentation under solid and submerged processes, and mild
water washing pretreatment on providing nutritive canola meals with high desirable
nutrients (protein, amino acid) and low ANFs (fibers, GLS, phytic acid, soluble sugars) for
potential expanded use of canola. In addition, the enzymatic activity data denotes tested
fungi can produce different level of enzymes based on growth conditions and used
substrates. The findings of this study lead us to some future work suggestions, which are:
1.

Studying the effect of full fat and defatted dehulled canola sprout meal diet on growth
and body composition of fed animals.
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2.

Evaluating the protein extractability and functional properties of canola seed sprout
for potential inclusion in human food.

3.

Evaluating the protein extractability and functionality of fermented CM.
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